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KEY WORDS Abstract  Nanocarrier-based delivery of platinum compounds represents the next generation of platinum-
based chemotherapy, which is a first-line treatment for many types of tumors. Despite the significant success
of Pt(IV) prodrugs as effective antitumor agents, the therapeutic efficacy of most of the reported prodrugs is
limited due to rapid biodegradation in the bloodstream and limited accumulation in the tumor. To overcome
these limitations, various types of nanomedicines have been developed as drug delivery systems for Pt(IV)

Cisplatin;
Platinum(IV) prodrug;
Stimuli-responsive

Ch?;g?;ﬁi;notherapy; prodrugs, with those demonstrating significantly enhanced antitumor effects due to passive and active tumor
ICD; targeting, stimulus-responsive drug release, effective synergistic therapy, the ability to induce immunogenic
NPs; cell death, stimulate native and adaptive immunity, and preventing tumor recurrence. Also, the design of
Theranositcs drug Pt(IV)-based theranostic nanoagents opens up photothermal, fluorescent, and photoacoustic imaging modalities

resistance for real-time monitoring of drug delivery and therapeutic response. The ability to harness photocontrolled

chemotherapy along with immunotherapy, PDT, and PTT holds immense promise for synergistic anticancer
effects. In the present review, we highlighted recent advances in the design of Pt(IV)-based NPs reported in
2022—2025 with the focus on the further development of this fast-growing research area.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

*Corresponding author.
E-mail address: Krasnovskayao@gmail.com (Olga Krasnovskaya).
"These authors made equal contributions to this work.
Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2026.05.026
2211-3835 © 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese
Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



Pt(IV)-based nanoparticles for chemoimmunotherapy and theranostics

4899

1. Introduction

Platinum-based anti-cancer drugs, including cisplatin, carboplatin,
and oxaliplatin are clinically approved worldwide and are the first
choice for malignant tumor treatment. Cisplatin (cis-dia-
mminedichloroplatinum, CDDP) is one of the most widely used
and clinically important therapeutic agents worldwide. As the first
generation of the platinum anti-cancer drug, CDDP has evident
therapeutic effects on many malignant tumors, such as breast,
ovarian, testicular, lung, gastric, colorectal, and head and neck
cancers' . Second-generation drug carboplatin  possesses
improved biosafety compared to CDDP due to its a lower hy-
dration rate due to the presence of bidentate -cyclo-
butanedicarboxylic acid ligand®. Third generation of platinum
clinical drug is represented by oxaliplatin (OXA) with less toxicity
and better tolerability, which is also capable of immune response
stimulation”™®. In addition, other Pt(Il)-based drugs such as
nedaplatin, heptaplatin, lobaplatin, miriplatin and dicycloplatin
have been approved for use in Japan (1995), Korea (1999), China
(2003), Japan (2009) and China (2012) (Fig. 1)'°. However, Pt(Il)-
based drugs are commonly associated with high toxicity and
resistance, which forces increases in chemotherapy doses and
significantly worsens the quality of life of patients'’

Given the limitations of Pt(I[) complexes in cancer therapy, the
development of alternative platinum-based anticancer therapeutics
is currently a great challenge. Among these, Pt(IV) prodrugs are
one of the most promising classes of Pt-based compounds for
further development in preclinical and clinical settings. Tradi-
tionally, Pt(IV) prodrugs are oxidized forms of clinically used
Pt(IT) drugs, into the axial position of which an easily modifiable
hydroxyl group is introduced. Subsequently, one or two axial
hydroxyl groups are conjugated with pharmacophores that can
enhance, complement, or target the action of platinum
therapy'> '°. Due to the ease of chemical modification of axial
hydroxyl groups, the desired biological action of the resulting
Pt(IV) prodrugs become easily achievable'®'®. Thus, Pt(IV) pro-
drugs can exert several anticancer effects through the simulta-
neous release of Pt(Il) drug and bioactive ligands when they are
exposed to internal or external reducing agents after entering
cancer cells. Pt(IV) prodrugs capable of inducing immunogenic
cell death (ICD) in addition to chemotherapeutic action has been
an extremely attractive topic for research in the last few
years'” 2%, Also, stimuli-responsive Pt(IV) prodrugs, which are
stable and non-toxic until influenced by an external stimuli, such
as light, ultrasound, or X-ray is of great interest'*>"*?. Thus, in
recent decades, significant efforts have been directed toward
developing Pt(IV) complexes as next-generation platinum-based
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Figure 1  Pt(II) chemotherapeutic drugs used in clinical practice.

Despite the obvious advantages of Pt(IV) prodrugs over clin-
ically used Pt(II) agents, several critical limitations stand in the
way of their clinical application. These critical drawbacks include
poor drug solubility and rapid biodegradation in the bloodstream,
which results in high toxicity of prodrugs and the fact that their
therapeutic efficacy does not exceed that of the parent Pt(II)
drug'®*2°_ The use of nanoformulations of Pt(IV) prodrugs can
resolve both issues, increasing the water stability and biocom-
patibility of prodrugs. Also, nanoscale drug delivery enables a
combination of Pt(IV) prodrug with another anticancer drug or
imaging agents in one nanoplatform, thus allowing the design of
prodrugs with combined synergistic action, as well as theranostic
agents. The use of nanoformulations of Pt(IV) prodrugs allows the
design of theranostic agents for fluorescent, photothermal, and
ultrasound visualization of tumors, in addition to highly effective
antitumor therapy®™?'. Also, the design of nanoformulations
instead of low-molecular Pt(IV) prodrugs allows more opportu-
nities to control the release of the active drug at the tumor site.
Stimuli-sensitive release of several drugs from the nano-
formulation under the influence of such factors as intracellular
acidic pH, light, or the presence of reducing agents allows local-
izing the site of drug release and minimizing the impact on healthy
tissues (Fig. 2)32_34.

To date, different types of nanomedicines have been developed
as drug delivery systems for Pt(IV) prodrugs, including those that
demonstrate significant antitumor effects, far exceeding those of
the low-molecular Pt(IV) prodrug and the parent Pt(Il) drug, due
to passive and active targeting, stimulus-responsive drug release,
effective synergistic therapy, and also an ability to induce
ICD**3+3¢ The escalating volume of high-impact publications
dedicated to the design of Pt(IV)-based therapeutic and theranostic
nanoagents prompted us to sum up this comprehensive review.

Since nanotherapeutics based on Pt(IV) prodrugs is an exten-
sively developing field of medicinal chemistry, the advances in
this area of research are regularly reviewed by leading experts. In
2023, Wang et al.’” published a review on stimuli-responsive
nanoparticles (NPs) as delivery systems for Pt(IV) prodrugs,
with the focus on the various approaches to the nanoparticle
design and the mechanisms to controllably release Pt-based che-
motherapeutics in tumors. In 2024, Zhou et al.*® published a
comprehensive review on the nanoscale delivery of Pt(IV) pro-
drugs from 2020 to 2024 and described in details multiple
methods to encapsulate a Pt(IV) prodrug into a nanosized vehicle,
from carbon nanotubes to lipid micelles. While these reviews
provide a thorough overview of the advances in the design of Pt-
based nanodrugs, they focus primarily on the various approaches
to the assembly of nanoscale Pt-based drugs. Thus, the goal of our
review is to provide a detailed overview of the recent advances
(2022—2025) in the design of Pt(IV) nanodrugs based on their
mechanism of antitumor activity, the ability to overcome the
resistance of tumors to CDDP or stimulate antitumor immune
response. In Section 2, we summarize general information about
Pt(IV) prodrugs, necessary for a basic understanding of their
chemical and biological properties. In Section 3, we summarize
general information about NPs, namely their basic physicochem-
ical properties, barriers to their clinical application, and the main
synthetic approaches for obtaining Pt(IV) prodrug nano-
formulations. In Section 4, we discuss the biological aspects of
developing Pt(IV)-based nanoprodrugs, highlighting five key
interrelated avenues that could significantly enhance the thera-
peutic effect of Pt(IV)-based NPs compared to clinically used
Pt(Il) drugs.
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Figure 2
prodrugs and Pt(IV)-based NPs properties.

We honestly believe that this review is useful not only for the
development of Pt(IV) prodrugs and their nanoformulations, but
also for researchers interested in medicinal chemistry and the
development of effective platinum-containing drugs for chemo-
therapy, immunotherapy and theranostic.

2. Pt(IV) prodrugs: Synthesis, reduction and nanocarrier-
based delivery

2.1.  PH1V) prodrugs: From the laboratory to the clinic

Despite the apparent simplicity of synthesis and the potential for
easy tuning of their therapeutic efficacy, only a few Pt(IV) pro-
drugs have reached clinical trials, including ormaplatin, iproplatin,
satraplatin, and LA-12 (Fig. 3, Table 1). Ormaplatin, also known as
Tetraplatin [tetrachlorido(1,2-diaminocyclohexane)platinum(IV)],
is one of the first Pt(IV) prodrugs tested in clinical trials. Due to the
high reactivity of chloride ligands, ormaplatin is rapidly reduced to
dicholoro-1,2-(diaminocyclohexane)platinum  (II). Accordingly,
clinical trials of ormaplatin were terminated in Phase I, and Phase
II trials were not initiated due to its pronounced neurotoxicity
which is a consequence of it’s extremely rapid reduction rate’®.
Iproplatin (cis-dichloro-trans-dihydroxy-bis-isopropylamine plat-
inum IV), with two chlorine axial ligands, showed acceptable
toxicity in Phase I and II clinical trials. However, the lack of sig-
nificant superiority in therapeutic efficacy compared to CDDP or
carboplatin led to the termination of Phase III*°. Satraplatin
(JM216), with two axial acetato groups, demonstrated high sta-
bility which made it suitable for oral administration. The

o o
OJ\ o
H, CI H, CI HaN,, | el HaNo,, | wCl
QN' Jt_“,.r.:i )“"3"'1!,-**““ i l‘\c, HN | ey
N7 | e N" | el o
W O DY
o] o
Ormaplatin Iproplatin Satraplatin La-12
Figure 3  Pt(IV) prodrugs participated in clinical trials.

Synthesis pathway of Pt(IV) prodrugs and their assembly into Pt(IV)-based nanoparticles; comparison of advantages of Pt(IV)

combination of satraplatin and prednisone reached Phase III clin-
ical trials in castration-resistant prostate cancer, but due to the lack
of an overall survival benefit, further Phase III studies were
terminated*®*!. A structurally similar Pt(IV) prodrug LA-12 with
lipophilic adamantylamine moiety was developed; LA-12 partici-
pated in phase I clinical trials, but no additional information has
been reported since (Fig. 3)** %,

Thus, to successfully complete clinical trials, Pt(IV) prodrugs
should not only overcome the shortcomings of clinically used
Pt(I) complexes but also demonstrate significantly improved
therapeutic efficacy compared to them. To meet these criteria,
Pt(IV) prodrug should be sufficiently stable, accumulate well in
tumor cells, exhibit at least some selectivity for tumor tissue and
possess an additional therapeutic effect in addition to Pt-induced
DNA damage.

2.2. PH(IV) prodrugs: Synthesis and chemical properties

According to the theory of hard and soft acids and bases, Pt(Il)
center is a soft acid which prefer to bind with soft bases. d8 Pt(Il)
complexes have a square planar geometry, and ligand substitution
reactions occur through the formation of pentacoordinate inter-
mediate (Fig. 4%, Therefore, Pt(Il) complexes possess reduced
stability, and their leaving group can be easily displaced by
nucleophiles. For example, CDDP readily exchanges chloride
anions for water, or other solvent, and forms covalent adducts with
DNA or sulfur-containing biomolecules; this is one of the main
reasons for the deactivation of Pt(II) drugs in the blood and the
development of drug resistance'®. The ligand exchange reaction
between Pt(II) compounds and nucleophiles occurs via coordina-
tion of the nucleophile to the soft center of Pt(Il) via an empty p,
orbital, forming a square-pyramidal transition state. Since the hard
de center of Pt(IV) does not have an empty p, orbital, attack by
nucleophiles on the Pt(IV) center is hindered, making Pt(IV)
prodrugs more stable compared to Pt(Il) drugs.

2.3. Oxidation of Pt(Il) coordination compounds

The most common synthetic approach to the preparation of Pt(IV)
prodrugs is two-electron oxidation of a Pt(Il) drug via oxidizing
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Figure 4

agents, such as hydrogen peroxide or chlorine. The mechanism of
Pt(Il) oxidation to Pt(IV) complexes is generally accepted as a
three-component reaction between the Pt(II) complex, the
oxidizing agent, and the solvent (Fig. 5)*C.

Oxidation typically results in the formation of trans-oxidative
addition products, where the four initial ligands in the square-
planar Pt(II) complexes become four equatorial ligands, and
their configuration is generally retained in the resulting Pt(IV)
complexes®’.

Oxidation of Pt(II) complexes with hydrogen peroxide gener-
ally yields trans-dihydroxy complexes, in which one of the hy-
droxyl groups derives from the peroxide and the other from water;
oxidation of Pt(I) drugs with halogens initially forms a solvent-
coordinated intermediate, followed by the halogen anion dis-
placing with the solvent to form the final frans-dihalogenated
product. Water, alcohols, and acetic acid can be used as solvents,
forming the corresponding unsymmetrical disubstituted Pt(IV)
prodrugs>*%,

2.4.  Modification of axial hydroxyl group in Pt(1V) prodrugs

The axial OH ligand in Pt(IV) prodrugs possesses chemical
properties similar to that of the alcohol hydroxyl group and can be
modified with different electrophilic agents. Generally, a modifi-
cation of the hydroxyl group can be accomplished via common
acylation reactions, via carboxylic acids or their derivatives'®*’
The conjugation of axial ligands with amino group with
Pt(IV)—OH is possible by turning amine into isocyanates or car-
bamic acid esters, which readily react with OH-group forming
carbamates. Similarly, the axial ligands with OH-groups can be
conjugated with Pt(IV)—OH via using a CO bond donor, such as
disuccinimidyl carbonate, with the formation of a carbonate bond
(Fig. 6)>°.

2.5.  Hydrolysis of Pt(IV) complexes
The hydrolytic stability of Pt(IV) prodrugs under physiological

conditions significantly impacts their biological applications.
Maintaining the integrity of the axial ligands of Pt(IV) prodrugs

Ligand exchange in Pt(II) complexes.

until they reach the tumor site is crucial for therapeutic efficacy.
When hydrolysis or other ligand exchange reactions occur, the
pharmacokinetic profile of Pt(IV) prodrug inevitably changes.
Hydrolysis of Pt(IV) complexes can occur in both the axial and
equatorial positions, depending on the nature of the ligands
(Fig. 7)*°.

The hydrolytic stability of Pt(IV) complexes is closely related
to the properties of the axial ligands: the greater the electron-
withdrawing strength of axial ligand, the higher the tendency of
Pt(IV) prodrug to hydrolysis and the faster the detachment of two
axial ligands from the Pt(IV) center occurs. In 2021, Xu et al’l.
demonstrated that the hydrolytic stability of one axial ligand of the
Pt(IV) prodrug significantly depends on five other ligands around
the Pt(IV) center. In unsymmetrical Pt(IV) prodrugs, with a hy-
droxyl or halogen substituent on one side and a carboxylate axial
ligand on the other, a decrease in the electronegativity of the
halogen leads to a weakening of the Pt(IV)—acetate trans inter-
action and an acceleration of halide hydrolysis due to a decrease in
the cationic charge density at the Pt(IV) center. On the contrary, in
fluoride-acetato-substituted Pt(IV) prodrugs, the acetate ligand
undergoes hydrolysis instead of fluoride, since oxygen (in AcO)
has a higher electronegativity than chlorine and bromine, but not
fluorine. Thus, the tendency for hydrolysis of the trans-acetate
axial ligand in Pt(IV) prodrugs increases as follows:
OH > acetate > F > Cl > Br; this tendency was also observed by
Zhou et al.>

Two possible pathways for hydrolysis of axial ligands in Pt(IV)
prodrugs are the attack of water on the electrophilic center in the
axial ligand, or the direct attack of water on the Pt(IV) center
followed by Pt—O bond cleavage. Several studies confirmed that
hydrolysis of Pt(IV) prodrugs occurs via direct attack of H,O on
the Pt(IV) center>”.

The rate of hydrolysis of Pt(IV) prodrugs is governed by the
nature of the parent Pt(II) drug; thus, when all ligands being equal,
carboplatin-based complexes are more stable than their CDDP-
and OXA-based analogs, which can be explained by the chelating
effect and o-donor ability’*>>. In addition, an increase in the
number of substituents on the ammine ligands increases the -
donating ability of the amino group, which leads to an increase in

!—|a|
R4 Ox-N
H3N,,,, . Wl Oxidizer: R4 H3N,, F! WCl Ry = Hy0, Cl, r)=0
. t L tl
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2

Figure 5
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the rate of hydrolysis of the trans ligands; thus, the increased
tendency of OXA-based Pt(IV) prodrugs to hydrolysis is associ-
ated with the replacement of the oxalate ligand with a hydroxyl
group®’.

The nature of the modification of the axial hydroxyl group
also affects the hydrolytic stability of Pt(IV) prodrugs. Thus, a
comparison of the hydrolytic stability of Pt(IV) prodrugs
with carbonate, carboxylate, and carbamate bonds in axial po-
sitions revealed the following hydrolytic stability order:
Carbamate > Carboxylate > Carbonate>®>’.

2.6.  Reduction of Pt(1V) complexes

The biological activity of Pt(IV) prodrugs is based on a reductive
elimination process that converts inert Pt(IV) prodrugs into
square-planar Pt(II) complexes. Typically, during reduction, the
axial ligands are released and the parent Pt(II) complex is

Trans effect of Ry promotes the hydrolysis
of the opposite axial ligand:

Ri:OH<OAc<F<Cl<Br

Factors affecting the hydrolysis of Pt(IV) prodrugs.

forming; however, in some cases, the formation of more than one
product during reduction has been demonstrated™®.

Hydrolysis and reduction are competing reactions that can
occur simultaneously. In general, the rate of Pt(IV) prodrug’s
reduction depends on two key parameters: the rate of electron
transfer from the reducing agent to the Pt(IV) center and the ease
of cleavage of the bond between Pt(IV) center and the oxygen of
the axial ligand®”. Monitoring the reduction reactions of Pt(IV)
prodrugs and studying the resulting products has been widely
discussed® 2,

Initially, the cathodic peak potential (Epc) was considered as
the quantitative standard of the propensity of Pt (IV) complexes to
reduction. The general trend was as follows: the more negative the
Ep value of a Pt(IV) complex, the more difficult it is to reduce, and
the more stable the Pt(IV) prodrug. However, a significant number
of studies have demonstrated a discrepancy between the reduction
potential and the rate of the reduction reaction in Pt(IV)
complexes®™ %, One possible reason for this discrepancy may be
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that the measurement of the reduction potential does not take into
account the prodrug’s hydrolysis reactions, which can occur in
parallel, changing the coordination environment of the Pt(IV)
center and thereby changing the overall electrochemical potential.
Since the formation of electron transfer bridge greatly facilitates
the reduction, kinetic factors also influence Pt(IV) prodrug’s
reduction susceptibility. As a result, Pt(IV) prodrugs with same
ligands but different geometry can have drastically different
reduction rates®®.

The process of electron transfer from the reducing agent to
the Pt(IV) center occurs stepwise; after the first electron is
received, a six-coordinate metastable Pt(III) intermediate is
formed; the elimination of two axial ligands occurs only upon
the addition of a second electron, forming an active square-
planar Pt(I) complex'>¢7.

The electron transfer mechanisms for the reduction of Pt(IV)
complexes are classified as inner-sphere, which involve direct
contact with the reducing agent, and outer-sphere. Inner-sphere
mechanisms are divided into four types: (a) electron transfer
through an axial ligand bridge; (b) hydride transfer through an
axial ligand68; (c) nucleophilic attack of the enolate §-carbon of
AscH on the axial ligand69; (d) Pt(II)-catalyzed electron transfer
mechanism (Fig. 8A)70.

The most important mechanism for the reduction of Pt(IV)
prodrugs is inner-sphere electron transfer through an axial ligand
bridge. Theoretically, halides and OH ligands decrease the reduc-
tion potential E, and thus the propensity of the complexes to un-
dergo reduction. However, halides and OH ligands also serve as an

A Inner-sphere mechanisms

RA
f:’ H--RA
s
X’ X
HaN “, | WCl HaN t,, | “.tC|
o Bt
X X
Ligand-bridge electron Ligand-bridge-H
transfer transfer

B Outer-sphere mechanisms

electron bridge, that facilitates electron transfer from the reducing
agent to Pt(IV) center. Logically, electron transfer through an axial
fluoride bridge occurs most actively. On the other hand, carbamate
and carboxylate ligands are not as capable of forming an electron
transfer bridge as hydroxide and halogen ligands®*.

Outer-sphere mechanisms involve direct electron transfer from
the environment to the Pt(IV) center, which is what is typically
determined by cyclic voltammetry. Variations involving external
species have also been proposed, namely, either proton abstraction
from the reducing agent or protonation of the axial ligand,
accompanied by the transfer of two electrons to the Pt(IV) center
(Fig. 8B).

The observed discrepancy between the rate of reduction of
Pt(IV) prodrugs with axial hydroxyl groups in a living system and
their electrochemical potential may be explained by the fact that
Epc measurement represents a direct outer-sphere transfer of
electrons from the cathode to the Pt(IV) center, whereas prodrug
reduction in a biological environment occurs via a fundamentally
different pathway, namely, in the presence of reducing agents, via
an inner-sphere mechanism.

2.7.  Reduction of Pt(1V) complexes with external stimuli

Activation of conventional Pt(IV) prodrugs occurs via the reaction
with intracellular reductants, such as ascorbate and reactive cys-
teines, which cannot be localized exclusively in tumor tissue. To
address this issue, Pt(IV) prodrugs could be designed as chemo-
therapeutics with controllable mode of activation. Use of external
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Mechanisms of Pt(IV) complexes reduction. (A) Inner-sphere mechanisms of reduction by general reducing agent or by ascorbate

anion. (B) Outer-sphere reduction mechanisms. Reproduced from®', licensed under a Creative Commons Attribution-NonCommercial 3.0

Unported Licence.
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stimuli to induce Pt(IV)/Pt(Il) transformation is highly attractive
since it allows for precise spatiotemporal control over the acti-
vation site and thus could minimize side-effects of therapy with
Pt(IV)-based therapeutics (Fig. 9)l15,

One of such external stimuli for controllable activation of
Pt(IV) is light irradiation. Photoactivatable Pt(IV) prodrugs re-
ported to date could be divided into two groups. The first group
are Pt(IV) prodrugs with equatorial diiodo- and diazido axial li-
gands’!. Equatorial diiodo Pt(IV) complexes were first to be
considered for as light-activated prodrugs, however, their signifi-
cant dark toxicity due to high reactivity towards biothiols pre-
vented further research’®. Pt(IV) prodrugs with equatorial trans-
diazido ligands exhibit increased stability and undergo reductive
elimination with release of azidyl radical N3- under blue-light
irradiation, with the substituent release of cytotoxic trans-Pt(II)
species, which results in a significant increase in cytotoxicity
when exposed to 450 nm blue light”"">.

Photoactivated Pt(IV) prodrugs in the second group are con-
ventional Pt(Il) drugs (CDDP, carboplatin, etc.) conjugated with
light-sensitive axial ligands. Light excitation of those ligands in-
duces electron transfer from the axial ligand to the Pt(IV) center,
resulting in photoreduction and release of Pt(Il) complex’*”>. Ap-
proaches to the design of Pt(IV) prodrugs with photoactive axial
ligands, and the photobiology of those complexes has been the
subject of multiple reviews' 2777 In 2023, Deng et al.”® reported
Pt(IV) prodrug with coumarin-based photosensitive ligand which
released Pt(Il) complex carboplatin and oxidized biomolecules in
an oxygen-independent manner upon two-photon activation with
880 nm light. Light-controlled activation of Pt(IV) prodrugs can
also occur when the light-sensitive compound is employed as a
photocatalyst and is not covalently linked to the Pt(IV) prodrug.
Thus, a biorthogonal catalytic activation of Pt(IV) prodrugs via
small-molecule riboflavin derivatives and flavoproteins was
reported”® 8!

The crucial limitation of light-activated therapeutics is low
penetrating ability of light in biological tissues®* ®*. On the
contrary, ultrasound (US) possesses extraordinary penetration
depth up to 15 cm and beyond, which allows it to reach deep
tumors®>%°. Tn liquid media, ultrasound induces the formation of

HSN s, l.|C|
-
HNT ¢

1.Light or ultrasound

2. Intersystem crossing

Single electron transfer

-HX

Figure 9
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cavitation bubbles, which collapses with rapid increase in local
pressure and temperature, and generates light via sonolumi-
nescence process® 58, Thus, light-sensitive axial ligands of Pt(IV)
prodrugs could be employed as sonosensitizers to promote
controlled activation of Pt(IV) prodrugs under ultrasound®>*°. In
2023, Liu et al.”! utilized carbocyanine axial ligand as a sono-
sensitizer in the design of ultrasound-activatable Pt(IV) prodrug
cyaninplatin, capable of controlled carboplatin release and ROS
formation, which demonstrated high therapeutic efficacy on 4T1
tumor-bearing mice.

Controlled activation of prodrugs by ionizing radiation is a
novel therapeutic modality, which has recently emerged as an
active area of scientific research®. The advantage of activating
prodrugs with radiation lies in the high penetrating power of
ionizing radiation, as well as in its own strong anticancer thera-
peutic effect’®>*. Notably, ionizing radiation induces water radi-
olysis, which produces highly active hydrated electrons e,
capable of Pt(IV) reduction®. Two approaches towards
radiotherapy-induced Pt(IV) prodrugs activation have been
recently demonstrated®®®”. X-ray-induced Pt(IV) reduction in
aqueous media, or activation of Pt(IV) prodrugs in tumors in the
presence of S-emitting radionuclide®®®’. Thus, Fu et al.”® reported
rapid and efficient reduction of OXA-based Pt(IV) complex by
X-ray in water via hydrated electrons e,q. from water radiolysis. In
2024, Wang et al.”® studied Pt(IV) complex reduction via
[ISF]FDG (2-[18F]- fluoro-2-deoxy-p-glucose), which is also
attributed to hydrated electrons generated by water radiolysis
resulting from the decay of radionuclide '*F. Also in 2024, Guo
et al.”” reported an elegant and effective therapy of 4T1 tumor
with Pt(IV)-gemcitabine prodrug and radiolabeled antibody
["""Lu]Lu-PKU525 as a §-ray emitter, which suppressed subcu-
taneous tumor growth with no significant adverse effects.

3. Nanocarrier-based delivery of Pt(IV) prodrugs: Key
points

Generally, NPs are expected to accumulate in tumor tissue via
enhanced permeability and retention (EPR) effect, which is driven
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by structural features of solid tumors, such as hyper-
vascularization, altered vascular architecture, and impaired
lymphatic drainage®®. However, the EPR effect is counteracted by
fluid shear stress, which causes vascular compression and blood
outflow, which can wash NPs out of tumor. Except at the tumor
edges, transvascular and intravascular gradients in tumors are
virtually zero, and pressure gradient-dependent transport of NPs is
hampered. As a result, only ~0.67% of the administered NPs
dose is delivered to tumors'®.

Chemotherapeutic agents are most often administered intra-
venously (i.v.). After i.v. administration, the drug is exposed to
blood components, such as proteins, lipids, reducing agents, rad-
icals, enzymes, and others'®". This is the “Achilles’ heel” of low-
molecular Pt(IV) prodrugs, which usually undergo rapid hydro-
lysis and deactivation at this step; thus, an encapsulation of Pt(IV)
prodrugs in nanocarriers is expected to protect them from pre-
mature degradation and rapid elimination from the bloodstream.
However, low-reactive NPs circulating in the blood are easily
recognized and opsonized by opsonin, making NPs more sus-
ceptible to phagocytic clearance from blood by the mononuclear
phagocyte system (MPS). MPS is responsible for the degradation
and removal of exogenous substances from the blood, such as
foreign pathogens and therapeutic NPs'%%.

Ideally, NPs should avoid clearance from blood by the MPS'®,
remain in the circulation for a long time to ensure sufficient
accumulation in tumor tissues'®*'®>. Small changes in the
physico-chemical properties of NPs may have a significant impact
on their therapeutic effectiveness'. Since the physical properties
of NPs, such as size, shape, and surface charge and coating are
dramatically affecting drug delivery efficiency, we will briefly
discuss each of these parameters below.

3.1.  Physico-chemical properties of NPs

3.1.1.  Shape

The shape of NP can influence its fluidity and tissue accumulation.
Thus, Shaw et al.'”” demonstrated that the uptake efficiency of
magnetic NPs of various shapes in tumor lesions follows a
descending order of spherical, elliptical, cylindrical, disc-shaped,
conical, tubular, hollow core, spiral, etc. Rod-shaped NPs can be
more efficiently taken up by breast cancer cells and accumulate in
the brain and lungs than spherical NPs'®®. Also, stimulus-
responsive change of NP’s shape to improve tumor accumula-

tion is possible'®.

3.1.2.  Size

The size of NPs critically determines their biodistribution and
therapeutic efficacy. Generally, NPs with ~ 100 nm size are able
to penetrate the endothelial layer in the peripheral vascular wall,
allowing them to participate in blood circulation. Smaller NPs
(<100 nm) tend to exhibit enhanced cellular uptake and prolonged
circulation time, while larger NPs (>100 nm) may offer higher
drug loading capacity but reduced cellular uptake''*""'?. Since
the size of NPs is larger than the capillary pore diameter, their
volume of distribution is limited by the route of administration.
When administered i.v., NPs remain confined to the bloodstream,
thereby demonstrating poor organs and tissues penetration. Since
the capillaries supplying tumors with blood are typically highly
perforated, NPs are prone to intratumoral accumulation via pas-
sive targeting''?. NP’s average size also influences their bio-
distribution. Thus, NPs larger than 1 um tend to be filtered or

excreted by the liver tissue, while NPs larger than 200 nm but
smaller than 1 pm generally accumulate in the spleen''.

3.1.3.  Charge (Zeta-potential)

The quantitative characteristic of the charge of NPs is zeta po-
tential ({), a measure of the electrical potential at the slipping
plane of a particle in a colloidal system''>. { close to zero suggests
a low surface charge and a higher tendency of NP for aggrega-
tion''®. A charge of NPs can significantly influence their fate after
i.v. administration. The inner surface of blood vessels and the
surface of cells possess numerous negatively charged components,
which leads to a large number of nonspecific interactions with
cationic NPs and repulsion of anionic ones''”. The positive sur-
face charge of NPs is a key factor in adsorption-mediated trans-
cytosis; thus, cationic NPs can significantly accumulate in tissues
due to the high rate of transvascular penetration; however, cationic
NPs are easily recognized by the MPS system and are quickly
cleared from the bloodstream. In contrast, NPs with a neutral and
negative charge are generally demonstrate low intracellular
accumulation, but possess a long bloodstream circulation''s.
Thus, cationic NPs act as “cell magnets" for rapid adhesion to the
mucosa, while anionic NPs serve as “long-range travelers",
avoiding detection by the immune system and improving systemic
transport. Given this “charging dilemma", NPs that can change
their surface charge from negative in the bloodstream to positive
upon reaching tumor tissues have shown great promise for tar-
geted drug delivery and improved tumor penetration''?~!?!

3.1.4.  Surface modification

One of the main obstacles for NPs to achieve a significant tumor
accumulation is their rapid removal from the bloodstream by the
MPS'?%123 Most NPs under physiological conditions are coated
with a wide range of proteins, the so-called “protein corona”,
which alters their properties, masking their surface characteristics.
Opsonins can enhance the uptake of NPs by the MPS because
adsorption of opsonins on the particle surface makes them more
palatable to phagocytes'>*. Surface biomodification of NPs offers
several benefits'>*'?. Modification of the NP’s surface with
polyethylene glycol (PEG), carbohydrates, acetyl groups, or pro-
tein moieties (arginine-glycine-aspartate (RGD) peptide, albumin)
may significantly enhance the retention time'?’. Hoverer, despite
PEG coatings is beneficial for stability and stealthiness, it can also
hinder interactions of NPs with target cells, leading to decreased
cellular uptake, inefficient endosomal escape, and ultimately
reduced intracellular delivery; this phenomenon is also known as
the “PEG dilemma™'*%.

3.2. Structural types of nanocarriers for Pt(1V) prodrugs

To date, various nanotherapeutic agents based on Pt(IV) prodrugs
have been developed. Multiple design paradigms to obtain nano-
formulations of Pt(IV) prodrugs have been utilized, including
polymeric NPs, lipid-based NPs, inorganic NPs, biological NPs,
etc. Each type of NPs possesses specific characteristics that can be
employed for various drug delivery purposes'. Pt(IV) prodrugs
can be encapsulated into nanocarriers by various methods,
including physical encapsulation, coordination interactions, elec-
trostatic adsorption, self-assembly, chemical conjugation, etc®.
While most nanocarriers used for Pt(IV) prodrugs are lipid and
polymer NPs, other approaches have also demonstrated great
potential, including self-assembly of Pt(IV) prodrugs into mi-
celles, NPs based on host—guest interactions, etc. The following
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subsection discusses key strategies towards synthesis of nano-
formulations of Pt(IV) prodrugs, including brief overviews of
selected examples (Fig. 10). Most synthesis methods involve
loading the active Pt(IV) drug into an external carrier using
various methods. To discuss this, two parameters need to be
clarified, namely:

Encapsulation efficiency (EE%): Defines how effectively the
formulation entraps the drug.

(%) = Weight of drug in NPs
7 Total weight of drug added

)>< 100 (1)

Drug loading (DL or LC, %): Indicates the percentage of the
nanoparticle’s mass that is actually the drug.

L (%) = Weighf of encapsulated drug 100 2)
Total weight of drug-loaded NPs

3.2.1.  Self-assembly of Pt(IV) prodrugs

One of the most straightforward approaches to NPs design is their
self-assembly from the monomer drug into micelles. Amphiphilic
molecules consisting of hydrophilic and hydrophobic groups can
typically be assembled into NPs in aqueous solution when critical
micelle concentration (CMC) is reached*!3!. The micelle for-
mation usually takes place in aqueous solution via solvent ex-
change approach The formation of micelles is driven by
T-interactions between the drug’s molecules in polar solvents'?,
which sharply decreases the free energy of the solution by
declining the interaction between the hydrophobic groups and

surfactant'**'** This widely-used synthetic approach is beneficial
due to its simplicity and high reproducibility'**. One significant
limitation of this method is that the drug should contain both polar
and non-polar moieties to form stable micelles. In 2024, Sun
et al."° and in 2025 Yan et al."*' reported amphiphilic Pt(IV)
prodrugs with non-polar lipid tail and polar alendronate axial li-
gands, which self-assembled into NPs 20-NP and 21-NP. Due to
the presence of osteosarcoma-targeting alendronate moiety, 20-NP
and 21-NP selectively accumulated in osteosarcoma cells in vitro
and in orthotopic osteosarcoma tumor in vivo.

3.2.2.  P(IV)prodrugs incapsulated in lipid NPs

Synthesis of lipid NPs is a widespread method of drug delivery,
which have found clinical success with FDA approval of lipo-
somal formulation of doxorubicin (Doxil) in 19953, Advantages
of lipid NPs are biocompatibility, biodegradability and good
EE'®". Hydrophobic Pt(IV) prodrugs can be encapsulated in block
copolymers, such as distearoyl phosphatidyl ethanolamine-PEG
(DSPE-PEG2000), thereby forming micelles, liposomes, solid
lipid NPs, and microemulsions'*®. In 2026, Zhang et al."* re-
ported lipid nanoparticle formulation based on FDA-approved
lipid combination SM-102:DSPC:cholesterol: DMG-PEG
together with lipid-modified Pt(IV) prodrug for efficient encap-
sulation of siXkr8 and ANX5 mRNA. Furthermore, ratio of Pt(IV)
prodrug 26 to the lipids in the formulation was optimized to
achieve maximized mRNA transfection efficiency. Tang et al.'*°
used the same approach in an elegant design of 7-NP nano-
micelles capable of efficiently releasing Pt and NO while
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overcoming CDDP resistance. DBCO-modified DSPE-PEG
polymer used for encapsulation enabled active targeting of
orthotopic lung tumor and administration of the nanomicelles via
inhalation.

3.2.3.  Loading of Pt(IV) prodrugs in polymers

Loading Pt(IV) prodrugs into polymers is a versatile approach,
since the size, £, and DL can be tuned by varying the structure of
the polymer carrier'*!. The drug release profile can also be
controlled by incorporating cleavage sites into the polymers that
are sensitive to the tumor microenvironment, such as low pH
(<6.0) or high glutathione (GSH) levels'*?. In addition, the anti-
proliferative activity profile of the resulting NPs can be modified
by co-encapsulating multiple drugs into one polemer carrier, or by
functionalizing the polymer with tumor-targeting moieties.

Yang et al.'"* encapsulated Pt(IV) prodrug 10 into GSH-
responsive polymer mPEG—P(Phe-co-Cys?) to overcome poor
solubility of the complex 10 and to increase tumor selectivity of
10-NP since polymer cleavage and prodrug 10 release was ex-
pected to occur only in GSH-rich tumor tissues. In 2024, Li
et al.'** reported nanoformulation of the Pt(IV) prodrug 15 with
octyl axial ligands, encapsulated into polymer with GSH-
responsive S—S—S groups. The resulting 15-NP demonstrated
high EE of prodrug 15, GSH-triggered Pt release, and GSH con-
sumption in tumor cells in vitro, along with the release of H,S.

3.2.4.  Polymerization of Pt(1V) prodrugs

Despite high flexibility of polymers as drug nanocarriers, such
nanocarriers are suffer from several disadvantages, such as low EE
and “burst release” of the encapsulated drug post-administra-
tion'*>'®_Instead of loading Pt(IV) prodrug in polymer, Pt(IV)
complex itself can be utilized as a monomer chain. Such approach
drastically improves EE when compared to co-encapsulation of
polymer with small-molecule Pt(IV) prodrug, while retaining the
versatility that is inherent to the polymer design'*’. In addition,
Pt(IV) monomer chain serve as reduction-responsive chain of
polymer, which opens up opportunities for GSH-triggered drug
release.

In 2022 Wei et al."*® reported a polymeric chain with Pt(IV)
complex with photosensitizer and nucleus-targeted peptide as
monomer for combined photodynamic (PDT) and photoactivated
chemotherapy. The resulting polymeric 38-NP was capable of
photocontrolled Pt release and accumulated in the nucleus of 4T1
cells. Wang et al.'?' utilized this approach to obtain charge-
reversing NPs 35-NP based on Pt(IV)-containing polymer.

3.2.5.  Encapsulation of Pt(IV) prodrugs in proteins

A perspective approach to deliver Pt(IV) prodrugs to tumor tissue
is a loading of a small-molecule complexes into biological pro-
teins, like human serum albumin (HSA). Generally, biological
proteins are biocomparable, and biological protein-based NPs
demonstrate high loading efficiency, long bloodstream circulation
and increased tumor accumulation'®. Tn 2024, Xie et al.!%°
encapsulated Pt(IV) prodrug 32 with perfluorocarbon axial ligand
into HSA and the resulting 32-NP demonstrated great accumu-
lation in orthotopic osteosarcoma tumor as well as enhanced
tumor inhibition rate compared to CDDP and HSA-free prodrug
32. In 2022, Wang et al.’®' reported two distinct methods for the
encapsulation of Pt(IV) prodrugs 19a—d into HSA. Pt(IV) pro-
drugs 19a and 19b with lipid axial ligands were loaded in HAS
non-covalently, while 19¢ and 19d were conjugated with HSA
covalently via maleimide moiety. 19a-NP with non-covalently

loaded Pt(IV) prodrug 19a demonstrated the most optimal
in vitro activity and tumor-targeting ability.

3.2.6.  Pt(IV)-based nanoparticle assembly via host—guest
interaction

Cyclodextrins (CDs) possess a hydrophilic exterior surface and
hydrophobic interior cavity which makes them optimal for the
design of supramolecular host—guest systems'>>. NPs based on
cyclodextrins are a versatile platform capable of controlled release
of loaded drugs and tumor-targeted delivery. A significant
advantage of host—guest systems compared to conventional co-
delivery approach is precise control over the composition of
NPs. In 2021, Deng et al.'>® used cyclodextrin-modified Pt(IV)
prodrug and NO-releasing moiety in the design of 7-NP based on
host—guest interaction with adamantine-modified PEG-b-Plys.
The ratio between NO-donor and Pt(IV) prodrug could be tightly
controlled, which allowed optimization of the ratio for maximized
antiproliferative activity.

3.2.7.  Other methods

A variety of alternative approaches to nanoparticle design are also
utilized. Thus, inorganic NPs are being extensively utilized as
carriers for antitumor drugs'>*. Furthermore, in situ nanoparticle
assembly and interfacial polymerization have emerged as a
promising methods for developing nanoformulations'>>.

In 2023, Wei et al."*® reported CaCOs-based NPs with adsor-
bed Pt(IV) prodrug with axial 11-mercaptoundecanoic acid. The
terminal SH groups of Pt(IV) prodrug 18 were then covalently
linked in an oxidation polymerization reaction forming a polymer
Pt(IV) complexes with S—S linker. Such design prevented leakage
of the Pt(IV) complex from the NPs when outside tumor
tissue, while low pH and high GSH content in tumor environment
prompted release of Ca>" and Pt(IV) prodrug from 18a-NP,
which leads to GSH consumption and an increase in intracellular
ROS.

In 2024, Liu et al.'*” used upconversion NPs (UCNP) as a
nanocarrier of Pt(IV), capable of NIR light-controlled Pt(Il)
release. The Pt(IV) prodrug 44 was loaded into the
NaYF4:Yb,Tm@NaYF, NPs, which exhibit 475 nm fluorescence
when irradiated with 980 nm laser. The resulting 44-NP demon-
strated almost complete release of axial phenylbutyrate ligand and
Pt after only 15 min of irradiation with 980 nm laser (0.48 W/
cm?), while in the dark in the presence of 10 mmol/L GSH 50% Pt
release was achieved in around 5 h.

4. Pt(IV)-based NPs reported in 2022—2026

Considering the superior advantages of using Pt(IV) prodrug
nanocarriers instead of small-molecule therapeutic agents,
numerous Pt(IV)-based nanomedicines have been developed to
date. Pt(IV)-based nanomedicines differ in their production
method, surface modifications, active targeting, and the method of
active component release. The main achievements in the devel-
opment of Pt(IV)-based nanomedicines, reported in 2022—2025,
are summarized in Table 1. We have classified the developed NPs
by their mechanism of biological action, which achieves the
maximum therapeutic effect. Five main interrelated approaches to
the development of NPs based on Pt(IV) prodrugs were segre-
gated: NPs capable of overcoming resistance to CDDP, NPs acting
on the tumor microenvironment, NPs stimulating the immune
response, NPs directed to tissue or cellular organelles, and NPs
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capable of exerting a therapeutic effect under the influence of an
external stimulus.

4.1.  Pt(IV)-based NPs to overcome multidrug resistance

Tumor resistance to CDDP arises through multiple mechanisms,
including enhanced drug efflux (e.g., via P-glycoprotein (P-gp) or
ATP7A/B), increased GSH-mediated antioxidant mechanisms,
improved DNA damage repair, reduced intracellular accumulation
(e.g., via CTR1 downregulation), biochemical and epigenetic al-
terations, leading to therapeutic failure. The development of
chemotherapeutic drugs capable of overcoming resistance to
CDDP is an urgent task of modern medicinal chemistry'>®'%.
CDDP’s main molecular mode of action consists of five key steps:
cellular uptake, activation, DNA binding, formation of DNA
cross-links, and apoptosis-inducing protein cascade'®. CDDP can
enter the cancer cell both through passive diffusion and through
organic cation transporters, such as copper transporter
CTR1'*!" Upon entering the cell CDDP undergoes ligand ex-
change of one of its chloride ligands to water, and the resulting
negatively charged mono-aquated form can enter the nucleus and
bind to the nuclear DNA'%*!93 Tt should be noted that CDDP can
also target mitochondria, which alco contain DNA, leading to cell
death'®*~'%®_ CDDP induces DNA damage by forming a variety of
intra- and interstrand crosslinks which inhibit DNA replication
and transcription'®”'*®. CDDP-induced DNA damage leads to the
activation of the p53 protein, which in turn activates a cascade of
pro-apoptotic proteins, including PUMA, BAX, and BAK, while
suppressing the anti-apoptotic Bcl-2 protein'®'7?. Activated BAX
and BAK translocate to mitochondria, leading to the per-
meabilization of their membrane and release of cytochrome c¢ into
the cytoplasm, which activates the caspase cascade, ultimately
leading to cell death'”' ™73,

To combat the cytotoxic activity of CDDP, tumor cells utilize a
variety of mechanisms that negate or prevent DNA damage and
subsequent apoptosis. Mechanisms of CDDP resistance are
generally classified according to the specific step within the CDDP
mode of action that is affected: pre-target, on-target, and post-
target'”. A generalized mechanism of CDDP mode of action
along with the pathways of cell resistance to CDDP is shown in
Fig. 11.

Pre-target resistance mechanisms include a number of ways to
prevent CDDP from reaching the nuclear DNA. CDDP treatment
induces degradation of the CTR1 transporter, which contributes to
resistance'’>'7. A variety of membrane transporters, including
P-gp and adenosine triphosphate ATP7A/B, contribute to the
CDDP resistance by increasing its efflux from the tumor
cells'””"'° In the cytoplasm, CDDP is scavenged by nucleo-
philes like GSH, which is catalyzed by the glutathione
S-transferases (GST) enzymelgo’lgl.

A significant contribution to cell resistance to CDDP is due to
the high activity of on-target resistance mechanisms of DNA
repair in response to CDDP-induced DNA damage. CDDP lesions
are removed from the DNA by repair systems, mostly nucleotide
excision repair, a protein complex that replaces the damaged nu-
cleotides'®?. Recent studies suggest that defective base excision
repair activity contributes to the removal of platinum adducts from
the DNA'®3. Mismatch repair system is another system of DNA
reparation, which detects CDDP lesions and transmits a proapo-
ptotic signal upon failure to repair CDDP crosslinks'®* ¢,

Post-target mechanisms of CDDP resistance include alterations
in the transduction of pro-apoptotic signals in response to DNA

damage. Mutations in the p53 protein result in loss of its ability to
induce apoptosis, which occurs in approximately half of human
neoplasms' #8718 - Another way for tumor to prevent apoptosis
is an overexpressing the key regulator of p53, MDM2, which
binds with p353, leading to its degradation'®'*°. MDM2 over-
expression is associated with the hyperactivated PI3K/Akt
pathway, which also promotes upregulation of survivin, a pro-
tein that inhibits caspase activity and thus promotes chemo
resistance'?! 13, Additionally, CDDP resistance is also associ-
ated with the increased expression of antiapoptotic proteins of the
Bcl-2 family, which prevents Bax from translocating into
mitochondria'®*.

4.1.1.  Regulating cholesterol metabolism

Chemotherapy resistance was found to be related to cholesterol
metabolism, since cholesterol accumulation allows cancer cells to
evade apoptosis and keep dividing and proliferating, which may
be regulated by inhibiting the biosynthesis of cholesterol or
depleting its cellular excess'®>'%°. Alterations in lipid metabolism
are a well-known hallmark of cancer'®” and cholesterol accumu-
lation is attributed to the drug resistance of prostate, pancreatic,
bladder, and breast cancer' %%, Regulation of cholesterol meta-
bolism may affect cellular architecture and signaling processes in
cancer cells; furthermore, it may induce ferroptosis, a pro-
grammed necrotic cell death characterized by intracellular iron
accumulation and lipid peroxidation'®® and pyroptosis>®®-2°!.

In 2025, Guo et al.”*? reported a series of NPs based on Pt(IV)
prodrugs la—d with fenofibrate acid (FA) in an axial position,
capable of regulating cholesterol metabolism and inducing cell
death by increasing reactive oxygen species (ROS) level and
depleting GSH, thereby contributing to overcoming CDDP resis-
tance (Fig. 12). For NPs design, the authors proposed OXA, a third
generation platinum drug that often causes tumor cells to become
resistant to therapy, and CDDP?****, 1a—d NPs released OXA/
CDDP and FA in the presence of GSH, NaAsc, and under acidic
pH 5.5. Also, CDDP-based 1a-NPs activated lipid regulator
peroxisome proliferator-activated receptors alpha (PPAR«) which
reduced cholesterol level and increased membrane permeability.
In addition to causing cell death via mitochondrial damage and
apoptosis, 1a-NPs induced ferroptosis of ovarian cancer
A2780 cells, as indicated by decreased intracellular GSH level,
reduced glutathione peroxidase 4 (GPX4) expression, and elevated
lipid peroxidation level. The biodistribution of 1a-NP was
generally similar to that of CDDP, however, 1a-NP showed
increased accumulation in the tumor. On the A2780 xenograft
tumor, 1a-NP inhibited tumor growth significantly more than
CDDP, with tumor growth inhibition (TGI) rate of 8.5-fold
greater, which was accompanied by a reduction in mice body
mass compared to that of CDDP group; also H&E staining as well
as BUN, UA, and creatinine (CR) levels evaluation demonstrated
no damage to the relevant organs caused by 1a-NP.

4.1.2.  Endoplasmic reticulum stress induction

Endoplasmic reticulum (ER) stress generally occurs in tumors due
to stressful extracellular environmental challenges, such as hyp-
oxia, nutrient deprivation, and pH changes. Tolerance to CDDP-
induced ER stress inhibits apoptosis, prevents an imbalance in ER
and mitochondrial calcium homeostasis, and maintains cell sur-
vival, thus leading to CDDP resistance*>°®. Therefore, moderate
ER stress contributes to cancer cell survival and chemotherapeutic
resistance; however, excessive and prolonged ER stress results in
apoptosis, which can be used in antitumor therapy?®”->°%,
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passive diffusion or via active transport, where it exchanges chloride ligand into water and binds the DNA with the formation of DNA crosslinks.
Damaged DNA results in the formation of pro-apoptotic signal, which activates pro-apoptotic proteins, resulting in programmed cell death. Main
mechanisms of resistance to cisplatin include reduced uptake, deactivation and increased efflux (pre-target), enhanced DNA repair (on-target) and

suppression of pro-apoptotic signal (post-target).

Natural flavonoid isoliquiritigenin (ISL) is reported to exhibit
an antitumor effect on breast and colon cancers via several
signaling pathways, including ER stress induction®®2'%, In 2024,
Yang et al.®'!' reported NPs based on Pt(IV) prodrug 2 with PEG
and docosahexaenoic acid, in axial positions, with was prone to
self-assembly with co-encapsulated ISL in 10:1 ratio (Fig. 13). The
release of both ISL and CDDP from 2-NP in the presence of GSH
and H,0, was confirmed. 2-NP accumulated specifically in the ER
of ovarian adenocarcinoma SKOV-3 cells and induced ER stress
accompanied by GSH depletion, ROS formation (including DHA
peroxides), ER swelling, an increased expression of caspase 12,
C/EBP homologous protein (CHOP), and its upstream glucose-
regulated protein (GRP78). Cy5-labeled 2-NP demonstrated high
intratumoral accumulation in the patient-derived ovarian cancer
model of BALB/c mice according to fluorescence data and
inductively coupled plasma mass spectrometry (ICP-MS).

An antitumor activity study demonstrated the ability of 2-NP
to significantly inhibit the growth of patient derived xenograft

(PDX) tumors, with tumor volume 2.5-fold lower than in the
CDDP-treated group, with no substantial change in weight and no
damage to main organs. It is important to note that ISL-free 2-NP-
m showed a therapeutic efficacy lower than that with ISL-loaded
2-NP, which obviously indicates the effectiveness of co-therapy.
Importantly, despite the high therapeutic efficacy of the equi-
molar mixture of CDDP and ISL, drug mixture therapy was
accompanied by significant weight loss during therapy. This
clearly indicates the greater safety of using nanoformulations that
include several drugs instead of a mixture of low-molecular drugs.

4.1.3.  Cyclin-dependent kinases 4 and 6 (CDK4/6) inhibition

Cyclin-dependent kinases 4 and 6 (CDK4/6) are fundamental
drivers of the cell cycle, which are required for the initiation and
progression of various malignancies®'?. CDK 4/6 inhibitors
effectively halt cell proliferation by preventing cancer cells from
transitioning from the G1 phase to the S phase®'?, and an inhi-
bition of CDK4/6 is a quite promising therapeutic approach®'%.
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Also, CDK4/6 inhibitors are able to increase cell sensitivity to
CDDP by lowering the cell proliferation rate, keeping cancer cells
in a phase that is more sensitive to CDDP, thereby reducing drug
resistance™'*,

In 2025, Zhu et al.>'® reported an amphiphilic Pt(IV) prodrug 3
with biotin and a lipid chain as axial ligands, capable of self-
assembly onto Pt(IV) NPs 3-NP with a biotin outer shell, which
also served as a carrier of ribociclib (Rib), a highly effective CDK
inhibitor (Fig. 14)*'®. 3-NP showed the ability to release both Rib

Pt(ll) and fenofibrate

GSH-triggered
acid release

Series of Pt(IV) prodrugs 1la—1d containing the lipid metabolism regulator fenofibrate acid and their self-assembly into nano-

202
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Pt(IV) prodrug 2 functionalized with ROS-producing ligand docosahexaenoic acid and its self-assembly with isoliquiritigenin into 2-

and CDDP in the reducing environment. 3-NP showed higher
intracellular accumulation than CDDP, as well as greater toxicity
due to the presence of CDK inhibition. A significant tumor-
specific accumulation of 3-NP was proved using the BALB/c
mouse model of bladder cancer with the biotin + B49 cell line via
both the fluorescence detection of Cy7-labeled 3-NP and post-
mortem ICP-MS. A high antitumor efficacy of 3-NP was
demonstrated on the same tumor model; a significant TGI
compared to CDDP, with reduced toxicity and less weight loss
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cycle arrest in G1 phase®'®.

were revealed. A comparison of a therapeutic efficacy of equi-
molar mixture of CDDP with Ribociclib with the corresponding
nanoformulation 3-NP clearly indicates a preference for using the
latter, due to greater efficiency in cytotoxicity, apoptosis, and
delivery of Pt to tumor tissues. Even though weight loss during 3-
NP therapy was comparable to that during CDDP therapy, the
high survival rate after 3-NP therapy also confirms its greater
biocompatibility.

4.1.4.  Heme oxygenase inhibition

Heme oxygenase (HO) is an enzyme that catalyzes the degrada-
tion of heme into biliverdin, carbon monoxide (CO), and free iron
(Fe*") in the presence of molecular oxygen (O,) and reduces
nicotinamide adenine dinucleotide phosphate (NADPH)217. HO-1
is involved in the adaptive response to cellular stress and in
attenuating inflammation. An overexpression of HO-1 in cancer
cells correlates with tumor growth, aggressiveness, metastatic and
angiogenetic potential, and immune escape®'®. Additionally, HO-1
may counteract the effects of certain chemotherapeutic drugs,
including CDDP*'?; therefore, inhibition of HO-1 could be
promising for antitumor research.

In 2025, Liu et al.?*° reported an amphiphilic Pt(IV) prodrug 4
with HO-1 inhibitor (HO-1i) in the axial position, which self-
assembled into Pt(IV)-based NPs 4-NP, capable of exhibiting
CDDP-sensitizing, anti-resistant, and immune-regulating action
(Fig. 15). 4-NP showed the ability to release Pt and HO-1i under
an acidic pH in the presence of GSH. 4-NP retained the potent
cytotoxicity of prodrug 4 with the increase in the selection index
between HepG2 and normal liver cells. Also, 4-NP induced a
strong S-phase cell cycle arrest, further promoting significant cell
apoptosis. Both prodrug 4 and 4-NP significantly suppressed HO-
1 activity in vitro, which led to the inhibition of the CO-mediated
p38/MAPK pathway, accompanied by downregulation of p38 and
MMP-9 proteins. 4-NP showed the ability to suppress HIF-1« and
VEGF-A expression. Both prodrug 4 and 4-NP proved to target
three major mechanisms of drug resistance: drug efflux mediated
by P-gp, enzymatic system-related detoxification, and DNA

damage repair. Also, both prodrug 4 and 4-NP showed an ability
to promote T-cell proliferation and macrophage polarization.
In vivo antitumor efficacy 4-NP was demonstrated on murine
hepatoma Hepal—6 syngeneic tumor model, 4-NP exhibited
more pronounced tumor inhibition than CDDP and prodrug 4,
along with promotion of T cell tumor infiltration and sig-
nificantly reduced toxicity. High-dose 4-NP demonstrated signif-
icantly superior therapeutic efficacy to CDDP but caused
significant weight loss. At low doses, the therapeutic effect was
weakened but still greater than that of CDDP, along with minor
weight loss. Significant tumor necrosis was also observed in the
free 4 and 4-NP groups, with no obvious damage observed in
major organs.

One of the important factors in favor of using NPs is high
biocompatibility of ones, as well as lower toxicity in comparison
with traditional Pt(II)-based drugs. Thus, the much lower toxicity
of 4-NP in comparison with CDDP clearly demonstrates less side
binding in the case of using NPs instead of “naked” chemotherapy.
Also, a significant decrease in toxicity of 4-NP in comparison with
CDDP can be associated with disturbances in the mechanism of
resistance to CDDP, allowing to reduce the outflow of the drug
from the cell and reduce the therapeutic dose, which in combi-
nation allows to reduce the toxicity. In general, the use of nano-
formulations in combination with the ability to increase the
sensitivity of cells to CDDP at the molecular level allows to
achieve significant success in therapy.

In summary, co-therapy with Pt(IV) prodrugs and resistance-
reducing agents undoubtedly allows for overcoming various
mechanisms of CDDP resistance and enhancing therapeutic ac-
tion. The therapeutic efficacy of the NP-1-4 nanoparticle confirms
the advantages of using nanoformulations of Pt(IV) prodrugs
instead of a mixture of a “platinum agent + resistance-reducing
drug”, given the typically high toxicity of such a mixture
compared to the use of nanoformulations. It should also be noted
that the NP-1-4 nanodrug was obtained by the simple self-
assembly of amphiphilic prodrugs, without the use of additional
carriers. This simple approach to nanoparticle design, on the one



Pt(IV)-based nanoparticles for chemoimmunotherapy and theranostics

4929

- H‘; 10-1 inhib:ur
T
OAO ({-’_& Self-assembly ‘?
H_‘N,,‘_Jt“..c'l N -8l
HNT JJ"‘cl
] 4 o]

(
+ ~2,9-fold higher TIR of Hepa1-6
tumor than cisplatin
~  CD4+/ CD8+ tumor infiltration
~  Suppression of multidrug
resistance

Figure 15
TME reversal by inhibition of HO-1%°.

hand, enables high drug loading capacity into the nanomaterial; on
the other hand, the resulting NPs are “naked” for the MPS, which
seeks to eliminate them. Thus, NPs 1- — 4-NP demonstrate sig-
nificant accumulation in important organs such as the liver, kid-
neys, and spleen, with the exception of 3-NP, which contains
tumor-targeting biotin on its surface. Overall, the therapeutic
approach described in this section is quite promising; however,
NPs require greater accumulation in the tumor to maximize their
therapeutic effect.

4.2.  Pt(IV)-based NPs for tumor microenvironment (TME)
remodeling

Cancer is a complex ecosystem whose maintenance of homeo-
stasis requires alteration of a number of metabolic pathways and
the involvement of a large number of non-cancerous cells**'. The
major components of the tumor microenvironment (TME) are
blood vessels, lymphatic vessels, fibroblasts, immune cells and an
extracellular matrix???>. TME cells and their secreted molecules
play critical roles in tumor progression and thus represent
attractive therapeutic targets, since the changes in TME may
regulate growth, invasion, and metastasis of solid tumor®>>***,
TME includes maintaining a proinflammatory microenvironment,
avoiding immune response, and maintaining tumor life support in
conditions of altered metabolic functions, such as hypoxia and
acidification of the pH of the environment®*,

Hypoxia is an important feature of the tumor microenviron-
ment and a well-known hallmark of cancer that present in 90% of
solid tumors®*®. Altering hypoxia level may regulate drug meta-
bolism and significantly enhance both chemotherapy and immu-
notherapy efficacy. Thus, hypoxia tracers, hypoxia-activated
prodrugs, drugs targeting hypoxia-inducible factors and down-
stream factors are of great interest®>’.

The key players in immunosuppressive TME are regulatory T
cells (Tregs), myeloid-derived suppressor cells (MDSCs), and
cancer-associated fibroblasts, which contribute to immune cell
dysfunction. Targeting these elements can completely reverse
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Pt(IV) prodrug 4 with HO-1 inhibitor as axial ligand and its assembly into 4-NP. The intracellular mechanism of 4-NP: MDR and

previously ineffective immunotherapy and enhance the action of
chemotherapeutic agents>>%%>°.

Since TME remodeling has become an effective task for
development of effective chemotherapeutic and immune stimu-
lating agents; several Pt(IV) based-nanoagents capable of
affecting TME have been reported and summarized below.

4.2.1.  Hypoxia overcoming

Hypoxia that occurs in solid tumors due to poor vascularization,
limited oxygen supply, and fast cell growth often hinders the ef-
ficacy of Pt(II)-based therapy. Hypoxia also activates survival
pathways in cancer cells, such as HIF-1« signaling, which pro-
motes DNA repair, resistance to apoptosis, and upregulation of
drug efflux pumps, further diminishing CDDP’s cytotoxic ef-
fects?****!. Additionally, the acidic and oxidative stress-resistant
microenvironment in hypoxic tumors can alter CDDP’s chemical
reactivity, reducing its DNA-binding capacity and overall thera-
peutic impact>*2. Therefore, increasing oxygen concentrations in
tumors could be a promising therapeutic strategy.

In 2025, Sun et al.?** reported a Pt(IV) prodrug 5 with a hy-
drophobic lipid and a hydrophilic biotin as axial ligands in order
to enhance drug accumulation in tumor cells that overexpress
biotin receptor (Fig. 16). Upon self-assembly of prodrug 5,
nanodrug 5-NP was obtained, and further encapsulation with he-
moglobin (Hb) yielded 5-NP-Hb, which were supposed to release
oxygen in tumor cells, thereby mitigating hypoxia-induced
immunosuppression. Biotin-mediated accumulation of 5-NP-Hb
in murine triple negative breast cancer (4T1) cells was demon-
strated, as well as increased intracellular accumulation and DNA
platinization compared to OXA and an OXA-biotin mixture.
Tumor-specific accumulation was confirmed with fluorescently
labeled 5-NP-Hb; the maximum fluorescence was achieved after
48 h and was maintained after 72 h. Although 5-NP demonstrated
accumulation in main organs similar to OXA, tumor accumulation
of both 5-NP and 5-NP-Hb significantly increased ~ 3-fold
compared to OXA. Importantly, hypoxia in tumor tissues was
reduced, which was confirmed via both fluorescence staining and
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mechanism of 5-NP-Hb: promotion of ICD due to oxaliplatin-induced DNA damage and hypoxia reversal by oxygen delivery

the reduced level of HIF-1« protein. Significant antitumor efficacy
for 5-NP-Hb was shown in a triple-negative breast cancer model,
exceeding that of OXA and hemoglobin-free S-NP. A significant
immune response in vivo caused by 5-NP-Hb was confirmed via
an increase in effector T cells (CD3", CD4", CD8"), CRT, and
HMGBI, as well as via IFN-y and TNF-« upregulation and IL-10
downregulation.

The importance of the effect on the tumor microenvironment
can be assessed by comparing the therapeutic efficacy of 5-NP and
5-NP-Hb. Thus, hemoglobin-modified 5-NP-Hb and unmodified
5-NP demonstrated the same intratumor accumulation. However,
hypoxia-reducing 5-NP-Hb demonstrated both antitumor efficacy
and immunostimulatory properties higher than those of unmodi-
fied 5-NP. This result clearly emphasizes that physical accumu-
lation of the drug in the tumor does not always determine its
antitumor efficacy. Thus, NPs capable of reducing the immuno-
suppressive environment of the tumor are extremely promising for
further development of nanomaterials for cancer treatment.

4.2.2.  Nitric oxide delivery
Nitric oxide (NO) displays a significant function in various
physiological functions and has a critical role in modulating the
activity of chemotherapeutic drugs®**. Thus, NO can overcome
the multidrug resistance of cancer cells by reducing the expression
level of P-gp** and increase CDDP efficacy****’. Additionally,
NO dilates blood vessels, enhancing delivery of nanoagents>.
In 2021, Deng et al.'>* designed host—guest Pt(IV) prodrug-
based NPs 6-NP capable of Pt(Il) and NO release for targeted
therapy of liver cancer (Fig. 17). Combination of Pt and NO in
NPs in 1:10 ratio produced strong synergistic antiproliferative
effect in vitro. In tumor cells 6-NP released NO with the subse-
quent formation of peroxynitrite ONOO™, which downregulated
GSH level, leading to inhibition of Pt(II) detoxification mecha-
nism. Further in vitro studies demonstrated the ability of 6-NP to
prevent the repair of Pt-DNA adducts, which allows 6-NP to
overcome CDDP resistance. Due to the targeting lactose moiety,
6-NP preferably accumulated in LM3 xenograft tumor model, and
inhibited tumor growth more efficiently than CDDP. Importantly,
a high intratumoral ONOO™ level and low GSH level was
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observed in 6-NP-treated mice and double-strand DNA damage in
tumor tissues was also revealed. Comparison of therapeutic effi-
cacy with model 6-NP-m without NO-donating ability clearly
confirmed the significant contribution of the NO-donating ability
of 6-NP to their therapeutic efficacy. 6-NP also suppressed growth
of CDDP resistance orthotopic luc-LM3/CDDP tumor model, with
3-fold lower tumor weight than for CDDP-treated group.
Furthermore, 6-NP exhibited stronger antitumor effect in patient-
derived hepatoma model than CDDP, with minimal side effects.
In 2024, Tang et al."* reported the use of Pt(IV)-based NPs 7-
NP for non-small cell lung cancer (NSCLC) therapy via an
inhalation approach (Fig. 18). Pt(IV) prodrug 7 ethacraplatin with
GST inhibitor in axial position was encapsulated in NO-releasing
azide-affinic micelles, via dispersion with pH-sensitive NO-
donating PEOz-b-PLA-GSNO, with S-nitrosoglutathione (GSNO)
and dibenzyl cyclooctyne (DBCO)-enriched DSPE-PEG2000-
DBCO. Pt(IV) prodrug 7 and NO were actively released from
the 7-NP under pH 5.0 and in the presence of GSH, and 7-NP
showed an ability to overcome resistance by suppressing the
expression of P-gp and GST. After i.v. injection, 7-NP accumu-
lated in liver with almost no accumulation in the lungs. To
enhance accumulation of 7-NP in lungs, mice with orthotopic
CDDP-resistant lung adenocarcinoma AS549cisR tumors were
pretreated via inhalation with mannose-azide, capable of labeling
the membrane of tumor cells with an azide group, then 7-NP were
administered via inhalation. As a result, therapy with 7-NP
significantly decreased the number of lung tumor niches, which
was accompanied by the recovery of alveoli completeness. 7-NP
significantly suppressed CDDP-resistant lung cancer without
toxicity or weight loss, while CDDP was not therapeutically
effective but exhibited significant toxicity. Furthermore, increased
platinum levels and decreased GSH were observed in tumor tis-
sues after therapy with 7-NP, confirming the increased suscepti-
bility of tumor tissues to CDDP therapy due to NO donation.

4.2.3.  Reducing MDSCs

MDSCs impair the efficacy of chemotherapy by suppressing
antitumor immune responses and promoting an immunosuppres-
sive TME?**?%, MDSCs enhance tumor cell survival by secreting
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pro-tumorigenic factors, such as TGF-@, IL-10 and arginase-1,
which reduce oxidative stress, inhibit T-cell activity, and
enhance chemoresistance*. Targeting MDSCs has been shown to
improve therapeutic outcomes, either alone or in combination with
other anticancer therapies®*'?**.

Retinoic acid (RA) is an anti-hematological tumor agent,
which can reduce the population of MDSCs, which in turn im-
proves the populations of M1 macrophages and CD8" T cells***.
In 2024, Wang et al.>** reported PolyRA (PRA), which was ob-
tained via the polymerization of retinoic acid-based monomer RA,
and efficiently reduced the MDSC population in the murine colon
adenocarcinoma MC38-bearing mice tumor model. However,
despite the reduction in the population of immunosuppressive
cells, the antitumor efficacy of RA and PRA was low. Then, OXA-
based Pt(IV) prodrug 8 was encapsulated in PolyRA carrier
yielding 8-NP-RA NPs (Fig. 19), with 8-NP (OXA-based NPs
without RA) used as a control. OXA-based 8-NP-RA showed
good stability and an ability to release Pt in the presence of GSH,
resulting in  Pt-induced cytotoxicity. Fluorescent-labeled
Cy5.5—8-NP-RA accumulated mostly for in the tumor and liver
of the MC38 colon cancer model with a maximum on 24 h. p.i.
The excellent tumor-suppressive ability of 8-NP-RA was
demonstrated on the same tumor model, which exceeded that of
OXA, RA, and model 8-NP with no weight loss. Also, a 60-day
survival study showed the undoubted superiority of 8-NP-RA
over unmodified RA-free 8-NP, which indirectly indicates the
immunomodulatory capacity of 8-NP-RA, which was further
confirmed by CD8" T cell tumor infiltration and macrophage
polarization caused by 8-NP-RA. Thus, the combination of the
chemotherapeutic agent OXA with previously ineffective RA in
one nanoagent, 8-NP-RA demonstrated an extremely promising
antitumor efficacy, thereby emphasizing that the combination of
chemotherapy and immunotherapy enhances each other and can
hardly be used separately.

Interestingly, co-therapy of 8-NP-RA with «CD8 fully
reduced its antitumor efficacy, indicating the key role of CD8"
cells in the antitumor effect of 8-NP-RA. In addition, 8-NP-RA
showed low efficacy in the B16 murine melanoma model, which is
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-~ ~2-fold higher tumor volume reduction
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~ IFN-a and IFN-g increased level

~  CD4+/CD8+ tumor infiltration

~ DC cells maturation

characterized by low infiltration with MDSCs. Since the key
factors of the antitumor efficacy of 8-NP-RA are CDS™ T cells,
aPD-L1 therapy was proposed to complement its immunostimu-
latory effect. Thus, therapy with 8-NP-RA combined with an
aPD-L1 antibody on MC38-bearing mice resulted in a significant
TGI, which was accompanied by increased of CDS8" T cells
infiltration. Using the 4T1-luc lung metastasis model, an anti-
metastatic effect, as well as antitumor immunity caused by 8-NP-
RA in combination with «PD-L1 was demonstrated, as well as
prevention of tumor metastasis and recurrence.

It should be also noted that the choice of tumor model for
immunotherapy is extremely important; thus, §-NP-RA was
generally ineffective on melanoma B16 due to its low infiltration
with MDSCs. The high antitumor efficacy of the combination of
8-NP-RA and oPD-L1 also demonstrates the importance of
combining immunotherapy with checkpoint inhibitors to suppress
tumor cell avoidance of T cells and thereby forming favorable
conditions for stable T cell immunity.

4.2.4.  Inflammatory reduction

Chronic inflammation is a hallmark of the TME and is a promotor
of metastasis**®. Inflammatory cells establish a cross-talk with
tumor cells that may result in a phenotype switch into tumor-
supporting cells and tumor-associated M2 polarization of macro-
phages®*®. Epithelial-to-mesenchymal transition (EMT) takes
center stage as the convergence point between inflammation and
tumor progression. EMT is an essential biological process in
which epithelial tumor cells lose epithelial polarity, adhesion,
motility, and translate to a mesenchymal phenotype, and this is
one of the key factors of tumor metastasis®*’>*%,

In 2024 Zhang et al.**’ reported a Pt(IV) prodrug 9 with car-
profen, a COX-2 inhibitor in axial position, capable of EMT
suppression via Wnt/(-catenin signaling downregulation (Fig. 20).
Prodrug 9 was encapsulated onto DSPE-PEG, yielding 9-NP-m
and further modified with tumor-targeting transferrin (Tf),
yielding 9-NP. Upon cell treatment with 9 and 9-NP, COX-2,
MMPY, and inflammatory cytokines TNF-a and IL-6 down-
regulation was shown, thereby confirming anti-inflammatory
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Figure 19  Lipophilic Pt(IV) prodrug 8 and its assembly with poly-RA (retinoic acid) into 8-NP-RA. The intracellular mechanism of 8-NP-RA:

oxaliplatin-induced DNA damage and TME reversal by RA-induced MDSC suppression®**.
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Pt(IV) prodrug 9 with COX-2 inhibitor carprofen as an axial ligand and its assembly with DSPE-PEG2000 modified with tumor

targeting transferrin into 9-NP. The intracellular mechanism of 9-NP: cisplatin-induced apoptosis and TME reversal by inhibition of COX-2 and

EMT suppression®*,

properties of both 9 and 9-NP. A reversion of the EMT phenotype
was verified by the upregulation of E-cadherin and the down-
regulation of N-cadherin, $-catenin, cyclin D1, and c-Myc both in
9 and 9-NP-treated tumor cells. An ability of 9-NP to activate T
cell antitumor immunity was also confirmed; immunohistochem-
ical staining showed an improved density of CD4" and CD8™
cells in tumor-infiltrating lymphocytes (TILs), as well as PD-L1
suppression. Both 9-NP-m and 9-NP exhibited a good pharma-
cokinetic profile with a half-life exceeding that of the prodrug 9 by
more than two times, which illustrates the improved bloodstream
circulation time of NPs compared to the Pt(IV) complex. A high
tumor-targeting ability of 9-NP, higher than that of non-modified
9-NP-m, was confirmed via fluorescent visualization of DiD-
labeled DiD-9-NP, with significant accumulation in liver. Evalu-
ation of antitumor efficacy in vivo provided on BALB/c mice
bearing 4T1 adenocarcinoma showed high antitumor efficacy of 9,
9-NP-m, and 9-NP with a TGI of 71.3%—80.4%, which were
significantly more potent than CDDP (TGI = 25.7%). It is worth
noting that transferrin-modified 9-NP showed better antitumor
accumulation due to active targeting and, consequently, better
antitumor efficacy when compared with 9-NP-m. 9-NP also
inhibited metastasis in vivo with an inhibition rate of 79.2%,
higher than Pt(IV) prodrug 9 (65.2%).

It should be noted that the therapeutic efficacy of prodrug 9
alone was more than three times greater than that of CDDP, which
undoubtedly confirms the potential of combination therapy and its
impact on the tumor microenvironment. However, therapy with
prodrug 9 was accompanied by significant weight loss, while its
packaging in lipid NPs to produce 9-NP-m allowed for both a
sustained therapeutic effect and a significant reduction in weight
loss during therapy. Modification with Tf to produce 9-NP
enhanced the therapeutic effect due to active targeting; these
data clearly demonstrate the benefit of reducing inflammation in
the tumor environment and using nanoformulations of Pt(IV)
prodrugs.

4.2.5.  Glycolysis inhibition

The common feature of tumor cells is an increased glucose uptake
and fermentation of glucose to lactate, which is known as Warburg
effect and considered as one of the most fundamental metabolic
alterations during malignant transformation®>*?*!.  Abnormal
lactate metabolism results in production of immunosuppressive
metabolism, while glycolytic inhibition is associated with
enhanced ICD*%,

In 2025, Yang et al.'"** developed a nanoformulation of OXA
Pt(IV) prodrug with two aspirin axial ligands capable of glycolysis
inhibition and subsequent immune response stimulation (Fig. 21).
The prodrug 10 was encapsulated into redox-responsive polymer
to enhance water solubility, resulting in NPs 10-NP. 10-NP
induced mitochondrial damage, as well suppressed glycolysis of
CT-26 cells by reducing glucose uptake and lactate efflux. Since
high glycolytic activity is associated with suppressed ICD, 10-NPs
also induced release of damage-assotiated molecular patterns
(DAMPs) to a higher extent than OXA or OXA:aspirin mixture
1:2. Nanoformulation 10-NP delivered Pt in CT-26 tumors more
efficiently than OXA, which resulted in much higher tumor inhi-
bition rate in vivo 85.2% compared to 57.6% for OXA, while
sustaining normal level of general toxicity markers. It is important
to note that 10-NP caused tissue apoptosis, in contrast to OXA,
which caused necrosis. Also, down-regulation of glycolytic en-
zymes Hk2 and Pkm2 in tumor tissues confirmed glycolysis in-
hibition in vivo. Investigation of in vivo anticancer immune
activation revealed that treatment with 10-NP enhanced the level
of CD8" T cells, interleukins IL-2 and IL-12 in tumor, while
decreasing the proportion of immune-suppressive MDSCs and
Tregs.

Targeting tumor microenvironment in addition to platinum-
based chemotherapy undoubtedly increases the effectiveness of
chemotherapy. Reducing hypoxia and donating NO dilates blood
vessels and allows chemotherapeutic agents to penetrate deeper
into the tumor, thereby significantly reducing drug resistance.
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severe mitochondrial damage and ICD induction'*’,

Reducing inflammation and inhibiting glycolysis undoubtedly
have a powerful synergistic effect, significantly enhancing
chemotherapeutic action. Targeting immune-suppressive tumor
cells allows for reversal of the tumor’s immunosuppressive de-
fenses and the achievement of a powerful therapeutic response
unachievable with platinum-based therapy. Thus, coating 5-NP
NPs with hemoglobin significantly increased therapeutic efficacy
compared to unmodified 5-NP-m. NO delivery via 6-NP and 7-
NP enhances CDDP-induced tissue damage, thereby contrib-
uting to overcome resistance, while inhibition of glycolysis via
10-NP stimulates the immune system and significantly mitigates
the effects of OXA, leading to apoptosis of tumor tissue rather
than necrosis.
4.3.  Pt(1V)-based NPs that induce ICD
Several approaches are used to train the immune system to
recognize tumor cells as foreign, with ICD being of utmost
importance®*. ICD differs fundamentally from non-immunogenic
(e.g., apoptotic) death in that dying or stressed cells release « red
flag » molecules that can function as either adjuvants or danger
(“eat me”) signals for the immune system. Thus, ICD is charac-
terized by the release or cell-surface expression of DAMPs from
dying tumor cells, followed by the induction of the innate and
adaptive tumor-specific immune responses>*. As a result, dying
cancer cells operate as a vaccine that stimulates a tumor-specific
immune response and are capable of inducing immunological
memory?352%

Additionally, ICD induces macrophage polarization. Tumor-
associated macrophages are mononuclear immune cells with
phagocytic ability that accumulate at tumor sites and regulate
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Pt(IV) prodrug 10 with aspirin and its assembly with redox-responsivepolymer into 10-NP. The intracellular mechanism of 10-NP:

TME by releasing various factors. Tumor-associated macrophages
are categorized into two phenotypes, immunostimulatory M1 and
pro-inflammatory M2, which can assist tumor escape from im-
mune system surveillance.

Several ICD-stimulating chemotherapeutic agents are currently
being developed due to their potential as dual-action drugs®**’.
Radiotherapy, chemotherapy, and photodynamic therapy can
activate ICD in tumor cells®*®. Also, ICD inducers are categorized
into two types based on the target they are acting on: type I in-
ducers target DNA replication, cytoplasmic or plasma membrane
proteins, and induce ER stress through collateral ER stress effects,
while type II inducers utilize the ER as a primary target to induce
ICD*2%° A generalized mechanism of ICD is presented in
Fig. 22.

Immune checkpoints, a series of molecules that are expressed
on immune cells, can tune up the degree of immune activation or
act as molecular guardians of order, preventing autoimmune re-
actions®®'. Immune checkpoints inhibitors (ICIs) target specific
immune checkpoints, primarily cytotoxic T-lymphocyte-
associated antigen-4 (CTLA-4) and programmed cell death pro-
tein 1 (PD-1). When the checkpoint and ICI proteins bind
together, they send an “off” signal to the T cells, thereby pre-
venting the immune system from destroying the cancer®®**%*. A
generalized mechanism of PD1/PD-L1 immune checkpoint is
summarized in Fig. 23.

The PD-1/PD-L1 pathway contributes to tumor immune
escape, which has been identified as a main mechanism that
causes tumors to become resistant to immune response®*2%,
Overexpression of PD-L1 or PD-L2 in cancer cells promotes cell
evasion from the immune response; the expression of PD-L1 on
tumor cells is correlated with poor prognosis®®®. ICD inducers can
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Figure 23  Generalized mechanism of PD1/PDL1 immune checkpoint. Interaction between PD-1 and PD-L1 results in T cell suppression, while
PD-1 blockade by aPD-1 antibodies promotes T cell cytotoxic activity.

sensitize tumors to ICIs, and this combination is currently a hot
topic in chemoimmunotherapy®®’. In particular, CDDP and OXA
chemotherapy induced similar immunogenic changes in preclini-
cal models of head and neck cancer and also demonstrated addi-
tive activity when combined with anti-PD-1 therapy?®®. The
combination of platinum-based chemotherapy with ICD is an
extremely promising approach for the treatment of solid tu-
mors®®. Also, the combination of ICD-inducing nanomedicines
and immunomodulators represents a promising strategy for
enhancing chemoimmunotherapy in clinical applications®’°.
Overall, ICD-inducing chemotherapeutic agents are attractive
candidates for combinational chemo-immunotherapy with
anti-PD-1/PD-L.1  antibodies to improve the antitumor
efficacy?’' 2", and this combination is widely used and will
definitely be mentioned in this review.

4.3.1.  c¢GAS—STING pathway activation
The cGAS—STING pathway plays a key role in innate immune
response. In brief, ¢cGAS—STING pathway results in the

production of interferon-1 (IFN-1) in response to the appearance
of double-stranded DNA in the cytosol>’*. Since platinum-based
antitumor drugs are capable of DNA damage and Pt(IV)-based
NPs significantly increase the bioavailability of platinum in
tumor cells, significantly enhancing DNA damage, activation of
GAS—STING by Pt(IV)-based NPs is a commonly used approach
in the design of immunostimulating Pt(IV)-based nanoagents.

In 2022, Cao et al.””® designed a CDDP-based Pt(IV) prodrug
11 with topoisomerase I inhibitor camptothecin (CPT) in the axial
positions (Fig. 24). Since both CDDP and CPT are able to activate
the cGAS—STING pathway, their combination could effectively
activate innate immunity. Prodrug 11 was co-assembled with
ROS-sensitive polymer P1 and mPEG,,-DSPE, yielding 11-NP,
capable of H,O,-triggered drug release. An ability of 11-NP to
activate the cGAS—STING pathway with subsequent release of
IFN-B and IL-6 was confirmed on CT-26 cells. Further co-
incubation of bone marrow-derived dendritic cells (BMDCs)
with 11-NP-treated cells induced dendritic cells (DC) maturation
which generally followed by active cell migration to draining
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lymph nodes and presenting tumor-associated antigens. Also, 11-
NP showed good intratumoral accumulation and better antitumor
efficacy on the same tumor model when compared to two separate
drugs and a 1:1 CDDP + CPT mixture with low systemic toxicity.
A significant DNA damage in tumor tissues of mice treated 11-NP,
higher than that of mice treated with CDDP was demonstrated via
TUNEL staining. DC maturation in lymph nodes of mice treated
with 11-NP, as well as tumor infiltration with CD4" and CD8" T
cells revealed a significant activation of innate immunity.

In 2023, Xiang et al.>’® reported NPs 12-NP based on Pt(IV)
prodrug 12 with lipophilic axial ligand and indoleamine 2,3-
dioxygenase (IDO) inhibitor NLG919 loaded into thioketal-
based ROS-sensitive polymer (Fig. 24). 12-NP showed the abil-
ity to release NLG919 in the presence of H,O,, and an ability to
enter tumor cells through clathrin-mediated endocytosis. 12-NP
inhibited IDO protein and activated the STING pathway in oste-
osarcoma cells. An evaluation of an antitumor effect on the
orthotopic murine osteosarcoma K7M2-LUC model showed the
lowest bioluminescence in the group treated with 12-NP at day 20
compared with the other groups. 12-NP also activated an anti-
tumor immune response as evidenced by DC maturation, an in-
crease in infiltration of tumor CD8™ T cells, and a decrease in the
M2-like macrophages and Tregs. Thus, 12-NP could reverse the
low immune response of osteosarcoma and reprogram the TME
via CAS—STING activation.

Mn>" ions are known to activate cGAS, raise cGAS’s sensi-
tivity to double-stranded DNA, and activate the cGAS—STING
pathway?’’"2".  For the synergistic activation of the
c¢GAS—STING pathway and chemotherapy, Zhang et al.”*® sug-
gested the use of a combination of Mn>" with CDDP via co-
delivery of CDDP Pt(IV) prodrug-based NPs 13a-NP and
Mn>*~based NPs 13b-NP co-assembled with a ROS-sensitive
polymer (Fig. 24). Both Pt(IV)-based 13a-NP and Mn*"-based

13b-NP showed H,O,-triggered release of platinum and manga-
nese. A combination of 13a-NP and 13b-NP upregulated the
c¢GAS—STING pathway, which was confirmed via upregulation of
cGAS, p-STING, PTBKI, and p-IRF3 protein expression, and
downregulation of pro-inflammatory cytokines TNF-«, IL-6, and
IL-2. Also, a combination of 13a-NP and 13b-NP induced the
release of DAMPs from ovarian cancer cells and the maturation of
DCs. Fluorescent-labeled 13a-NP showed significant intratumoral
accumulation in the OV-PDX-bearing BALB/c nude mice model,
with high accumulation in kidneys. Antitumor and antimetastatic
activity was assessed after intraperitoneal administration of
labeled murine ovarian surface epithelial ID8-Luc tumor cells;
notably, 13a—NP + 13b-NP inhibited tumor growth but did not
completely eliminate the primary tumor, while complete regres-
sion of peritoneal metastases was induced in 80% of the mice
treated with 13a-NP + 13b-NP + «-PDI. Also, a combination of
13a-NP + 13b-NP induced tumor tissue necrosis. Additionally, a
combination of 13a-NP+13b-NP with o-PD-1 induced the
maturation of DCs, promoted CD8" T cell infiltration, and
reduced the proportion of Tregs, which indicates a significant
immune response and immunological memory.

WEEI is a key protein that can inhibit the activity of cyclin-
dependent kinase 1 (CDK1), arresting the cell cycle and allowing
time for DNA repair®™®'%2. In 2024, Wang et al.*®* reported a
Pt(IV)-based nanomaterial for muscle-invasive bladder cancer
treatment; for prodrug synthesis, MK1775, a WEEI inhibitor, was
covalently conjugated with GSH-sensitive polymer (poly(2-HD-
co-HPMDA)-mPEG, PHHM) and co-incubated with lipophilic
Pt(IV) prodrug 14 yielding 14-NP (Fig. 25). 14-NP-m, without
MK1775, were also obtained and were used as control. 14-NP
could upregulate p-STING and PD-L1 while downregulating
WEE1 and CDK-1 proteins, thereby confirming DNA repair
disturbance, activation of the cGAS—STING pathway, and
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immune stimulation. Co-incubation of BMDCs extracted from
mice with 14-NP-treated mouse urothelial carcinoma Mb49 cells
revealed an increased level of IFN-« and IFN-G and an increase in
DC maturation. Fluorescent-labeled 14-NP demonstrated intra-
tumoral accumulation, along with accumulation in liver and kid-
neys. The antitumor effect of 14-NP on the Mb49 tumor model
was significantly higher than that of the drug mixture and 14-NP-
m without MK1775 with lower toxicity than that of CDDP and
drug mixtures. Immunohistochemistry analysis revealed an
increased level of STING protein and CD8™ T cells in the tumor;
also, an increase in NK cells and M1/M2 ratio was detected,
thereby confirming a significant immune response caused by 14-
NP. Additionally, DS maturation, tumor infiltration with CD8"
cells, reduction of MDSCs, and increased expression of PD-L1
confirmed 14-NP’s immunogenicity. The combination of 14-NP
and «PD-L1 showed significant antitumor efficacy on the bilat-
eral subcutaneous tumor model of Mb49 with a tumor suppression
rate of 95.8% and no distant tumor progression.

In 2024, Li et al."** reported a Pt(IV) prodrug 15 loaded into a
reduction-responsive trisulfide bond-containing polymer, capable
of H,S release, disrupting the intracellular redox balance, inducing
DNA damage, and GAS—STING activation (Fig. 25). 15-NP
showed significant intracellular accumulation via endocytosis, as
well as the ability to deplete GSH and generate ROS intracellu-
larly to a greater extent than CDDP. Since 15-NP showed the
ability to release H,S, which is expected to increase cells’ sensi-
tivity to CDDP, its high efficacy on CDDP-resistant cells was
expected; indeed, 15-NP showed an ICs( value on CDDP-resistant
SKOV-3 cells over 300-fold lower than that of CDDP. Considering
the increased intracellular accumulation and the ability to enhance

the sensitivity of cells to CDDP, 15-NP apparently damaged DNA
to a greater extent than CDDP and caused activation of the
GAS—STING pathway, which was confirmed by p-STING and p-
IRF3 upregulation. 1-NP activated in vivo antitumor efficacy
provided on 4T1 and CT26 xenografts showed enhanced anti-
tumor efficacy when compared with CDDP; also, immunohisto-
chemical analysis revealed that 15-NP promoted CD8" T cell
infiltration at tumor sites in 4T1 tumor-bearing mice. Importantly,
15-NP demonstrated a robust hindrance in tumor growth in the
4T1-luc tumor-bearing mouse model after postsurgical tumor cell
reinjection compared to CDDP, thereby confirming an antitumor
immunity caused by 15-NP.

4.3.2.  Pyroptosis induction

Pyroptosis is gasdermin (GSDM)-mediated programmed ICD,
which is characterized by cell swelling and plasma membrane
rupture, leading to the release of pro-inflammatory cytokines IL-
18, IL-18, and cellular contents into the extracellular space and
activation of inflammatory response$*25°,

Pyroptosis can enhance inflammatory signaling and activate
the immune response, as well as overcome the immune deviation
caused by apoptosis®®®. Dasatinib is a tyrosine kinase inhibitor
with immunoregulatory properties, which also inhibits T-cell
activation and proliferation, as well as Treg cell proliferation®®”.
In 2022, Zhu et al.?®® reported an OXA-based Pt(IV) prodrug 16
with dasatinib in the axial position to enhance antitumor immunity
by inducing pyroptosis of tumor cells (Fig. 25). 16-NP were
constructed by encapsulation of the hydrophobic prodrug 16 to the
amphiphilic pH-responsive block-copolymer iPDPA. In the
intracellular lysosomes at pH 5.0, iPDPA converted from
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hydrophobic to hydrophilic, releasing dasatinib; pH-dependent
drug release was confirmed. 16-NP accumulated in tumor cells
and showed cytotoxicity higher than that of OXA. The bio-
distribution assay provided in the HN-SCC mouse model verified
the tumor-specific targeting ability of fluorescent-labeled DiR-16-
NP. Pyroptosis induction through the caspase-3/GSDME pathway
in 16-NP-treated cells was confirmed, as well as the release of
ICD hallmarks. Evaluation of antitumor efficacy in vivo on both
subcutaneous and orthotopic carcinoma models, with significant
TGI after treatment with 16-NP and no significant damage to
normal tissues. Also, reduction of exhausted T cells Tgx
(PD1'TIGIT") and an increase in population of CD8" in tumor
tissues were found, as well as upregulated level of CD8" and
CD4" memory T cells in lymph nodes, which together confirmed
a significant immune response.

Pyroptosis leads to the release of IL-18, subsequently upre-
gulating COX-2 expression, which may lead to the failure of
immunotherapy®®. In 2024, Yu et al.>*° reported a combination of
pyroptosis induction with inhibition of COX-2 expression; Pt(IV)
prodrug 17 was conjugated with GSH-sensitive polymer and
COX-2 inhibitor indomethacin and could self-assemble into 17-
NP (Fig. 25). 17-NP showed the ability to release indomethacin
and Pt in the presence of GSH, cytotoxicity higher than that of
CDDP, as well as the ability to induce pyroptosis, which was
confirmed by caspase 3 upregulation and GSDME cleavage. Anti-
inflammatory activity of 17-NP was confirmed by COX-2 as well
as PGE expression suppression. Immunostimulatory properties of
17-NP were confirmed via a DC maturation assay after incubation
with 17-NP-treated cells. 17-NP showed significant antitumor
efficiency in Pan02 pancreatic cancer in comparison with model
NPs without indomethacin (17-NP-m), as well as in comparison
with CDDP. In tumor tissues, an increase in the expression of
caspase-3 and a decrease in the expression of COX-2 were noted;
also, a significant immunostimulatory effect in vivo was revealed
by an increase in tissue infiltration by CD8" and NK cells, as well
as a decrease in MDSCs.

Stimulation of adaptive immunity by 17-NP was noted due to
an increase in the number of mature DC and memory T cells.
Notably, 17-NP-m did not show the ability to stimulate the im-
mune response, which supports the importance of combining
pyroptosis inducers with COX-2 inhibitors. It should also be noted
that the combination of 17-NP and «-PD-L1 effectively sup-
pressed the growth of the primary and distant tumor in a bilateral
model, while 17-NP-m showed sufficient but lower efficacy.
These data once again confirm the importance of combining anti-
PDL1 therapy with drugs that stimulate the immune response.

It is important to note that pyroptosis itself is ineffective in
tumor therapy despite its ability to cause ICD. Also, even though
inflammation is one of the cancer’s hallmarks, COX-1 and COX-2
inhibitors themselves cannot be considered as effective antitumor
agents. At the same time, the competent design of 17-NP nano-
agent was achieved by combining a chemotherapeutic agent, a
pyroptosis-initiating agent, and an anti-inflammatory drug with a-
PD-L1 therapy, which made it possible to greatly suppress the
growth of pancreatic cancer, usually resistant to anti-PD-L1
therapy alone. This result outlines the effectiveness of combined
chemo-immunotherapy against pancreatic cancer, where individ-
ual components alone are unable to achieve therapeutic effect.

4.3.3.  Ferroptosis induction
Ferroptosis is an iron-dependent type of necrotic cell death,
characterized by a disruption of the intracellular redox balance

and excessive lipid peroxidation. GPX4 is a key enzyme that plays
a crucial role in preventing ferroptosis, which catalyzes the
reduction of phospholipid hydroperoxides into phospholipid al-
cohols in the presence of GSH**' 2?3, Despite the fact that fer-
roptosis negatively impacts antigen-presenting cells and hence the
adaptive immune response®™, ferroptosis-inducing compounds
can enhance the immunogenic effect through the activation of
cytotoxic T lymphocytes”.

In 2023, Wei et al.'>® reported new method for production of
ultrasmall Pt(IV)-based NPs within the pores of inorganic NPs
that are capable of degrading in the acidic pH of endosomes. Thus,
a Pt(IV)-based nanomaterial, 18b-NP, capable of both ferroptosis
and apoptosis induction, as well as Ca®"-mitochondrial overload,
which results in ICD, was designed (Fig. 26). Pt(IV) prodrug 18
with thiol in the axial position was linked with CaCOs-based NPs
via oxidative polymerization and coated with tumor-targeting
DSPE-PEG-biotin, yielding a pH-sensitive tumor-targeted 18b-
NP. Also, non-polymerized biotin-coated 18a-NP were used as a
control. 18b-NP showed the ability to release Ca®" in acidic
media, with no Pt release; in contrast, acid-catalyzed degradation
of CaCOs-based NPs released ultrasmall 18-NP with a hydrody-
namic size of approximately ~7.5 nm, which are able to release
Pt in the presence of GSH. Both 18a-NP and 18b-NP-induced
Ca*" mitochondrial damage was confirmed via loss of mito-
chondrial membrane potential (MMP), as well as the ability to
deplete GSH in CDDP-resistant A549CisR cells, which resulted in
ferroptosis, with more pronounced effect for 18b-NP, which also
was able to induce ICD.

An evaluation of the therapeutic efficacy of 18b-NP provided
on the A549CisR tumor-bearing mouse model showed a remark-
able TGI in contrast to CDDP. Also, inhibition of GPX4 in tumor
tissues after treatment with 18b-NP confirmed ferroptosis in vivo.
A prolonged immune response caused by 18b-NP was also shown
in the revaccination experiment. Thus, inoculation of mice with
tumor cells dying from 18b-NP allowed for tumor regrowth after
inoculation with live tumor cells 7 days later.

In 2022 Wang et al.'"®' reported a CDDP and OXA-based
Pt(IV) prodrugs, conjugated with HSA noncovalently or cova-
lently via maleimide axial ligand (Fig. 27). Among 4 types of NPs
studied, non-covalently bound Abplatin 19-NP demonstrated the
highest activity against ovarian cancer cell lines and was signifi-
cantly more effective than CDDP on series of patient-derived
ovarian cancer cells, including platinum resistant ones. 19-NP
demonstrated excellent biosafety after intraperitoneal administra-
tion in vivo successfully suppressed growth of orthotopic ES2-luc
ovarian tumor model, with tumor volume 65.97% lower than that
in CDDP group. In addition, treatment with 19-NP suppressed
formation of malignant ascites, which were formed in 3/6 mice in
control group. Antitumor efficiency of 19-NP in vivo was also
evaluated on CDDP-resistant cancer stem cell (CSC) subcutane-
ous tumor model derived from SKOV-3 cells. Treatment with 19-
NP resulted in further reduction in tumor weight and volume than
CDDP treatment, indicating that 19-NP could be used for treat-
ment of recurrent ovarian cancer. Investigation of 19-NP anti-
tumor activity mechanism via RNA-sequencing of CSCs tumors
revealed enrichment of ferroptosis markers. Further studies
demonstrated that 19-NP reduced intracellular GSH level while
decreasing GPX4 expression and lipid ROS level, which
confirmed that 19-NP induces cell death via ferroptosis, allowing
it to overcome CDDP resistance in recurrent tumors.

In this section, various combinations of the Pt(IV) prodrug, a
stimulus-sensitive polymer, and immune response triggering agent
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model Pt(IV) prodrug and IDO inhibitor NLG91 were separately
loaded into an ROS-sensitive polymer. Also, Pt(IV)-based nano-
drug can be used in combination with other immune response
triggering nanoagent; such therapy design was implemented for
13a-NP and 13b-NP, where 13a is a Pt(IV) prodrug loaded into an
ROS-sensitive polymer, which was used in combination with 13b-
NP Mn-based NPs, which are also based on an ROS-sensitive
polymer. All three of these nanodrugs 11-NP, 12-NP, 13a+13b
NP were capable of inducing an immune response by activating
cGAS-Sting pathway and demonstrated significant antitumor ef-
ficacy. Among these three nanodrugs, the combination of 13a
+13b demonstrated high toxicity, most likely due to the use of
two ROS-sensitive nanodrugs, each of which undoubtedly has its
own toxicity. It is interesting to compare the therapeutic efficacy
of 12-NP and 14-NP nanodrugs, in which the same model Pt(IV)
prodrug is loaded into either an ROS-sensitive (12-NP) or a GSH
-sensitive polymer (14-NP); the GSH -sensitive nanosystem 14-
NP exhibited less overall toxicity in vivo and weight loss was
less pronounced than during therapy with ROS-sensitive 12-NP. In
support of this, loading Pt(IV) prodrug 16 into a pH-sensitive
polymer also resulted in significant therapeutic efficacy with
minimal weight loss. An interesting approach was demonstrated in
the design of 17-NP nanodrug, where a GSH-sensitive polymer,
indomethacin, and the prodrug Pt(IV) were combined into a single
amphiphilic prodrug capable of self-assembly. 17-NP demon-
strated significant therapeutic efficacy; unfortunately, weight loss
data were not reported in the manuscript. Also noteworthy is the
innovative method for producing ultra-small 18-NP NPs via
polymerization within the pores of inorganic NPs. Ultra-small 18-
NP obtained after dissolution of the CaCOj carrier demonstrated
extremely high therapeutic efficacy and immune response without
significant weight loss.

Overall, the combination of immune response-stimulating
agents with platinum-containing chemotherapy undoubtedly en-
hances efficacy and reduces side effects compared with mono-
therapy. However, the design of the NPs, their stimuli-sensitivity,
and resistance to premature release of therapeutic agents are
important factors which are worth taking into account carefully.

4.4.  Pt(IV)-based NPs with active targeting

Despite the fact that the use of nanoformulations chemothera-
peutic agents possess several advantages over the use of conven-
tional therapeutic agents, such as the ability to overcome low drug
solubility and low bioavailability, a poor tumor targeting effi-
ciency still represents a serious challenge to be addressed.
Nanocarriers are commonly considered as a promising drug de-
livery tool capable of spontaneous accumulation in the tumor site
through EPR effect'>*2°°. However, despite the actual ability of
NPs of a certain size (80—120 nm) to accumulate in tumors, this
effect is often faint for sufficient tumor accumulation and reduc-
tion of side binding, which leads to non-optimal biodistribution of
nanoformulations, low therapeutic efficacy and high toxicity.
Targeted delivery methods, therefore, make it possible to reduce
the dosage of an administered drug and minimize its effect on
other cells*®”. Thus, a combination of physical (EPR effect) and
specific (active targeting) methods could achieve more accurate
drug delivery. Typically, active drug targeting can be classified
into three levels: tissue targeting, cells, and organelles®”®. Several
examples of the use of combinations of Pt(IV) prodrug nano-
formulations in combination with active targeting will be dis-
cussed below.

4.4.1. Tissue level targeting

Due to their location within the mineralized bone matrix, bone
tumors present a unique drug delivery target. This can be exploited
using ligands that bind to hydroxyapatite or bone-specific cellular
components for site-specific targeting. This target is of high
clinical importance in the treatment of both primary tumors and
secondary bone metastases. Alendronate (Ale), a FDA-approved
bisphosphonate used in the treatment of osteoporosis, exhibits
strong affinity for binding to the bone surface, thus establishing its
preferential candidacy as a ligand for targeting bone tissue>?**°.
In 2024, Sun et al."* reported an amphiphile CDDP-based Pt(IV)
prodrug 20 with Ale in axial position, capable of self-assembling
into 20-NP NPs, for osteosarcoma treatment (Fig. 28). 20-NP
showed good selectivity to Ca-overloading osteosarcoma K7M2
cells due to the presence of phosphate groups on its surface, while
being low-toxic to normal cells and other malignant cell lines. A
tumor-targeting  ability of fluorescent-labeled 20-NP was
confirmed in the K7M2 tumor model, with a fluorescent maximum
in 48 h after administration. Also, 20-NP demonstrated significant
antitumor efficacy on the same tumor model, which was signifi-
cantly superior to that of CDDP, and reduced bone destruction.

In 2024, Yan et al."*' reported a similar amphiphilic Pt(IV)
prodrug 21 based on OXA in order to enhance an immune
response of NPs (Fig. 28). 21-NP were obtained via self-assembly
of amphiphilic prodrug 21, demonstrated the ability to release
Pt(Il) in the presence of ascorbic acid, as well as higher toxicity
when compared to the Pt(IV) prodrug 21, and the ability to induce
apoptosis. Also, an active bone-targeting ability was shown via Pt
uptake in osteosarcoma cells, as well as in vivo in K7M2 tumor-
bearing mice with a 3.56-fold increase in Pt content in tumor
tissues compared to that of OXA. The antitumor effect of 21-NP
was demonstrated on orthotopic osteosarcoma model and was
superior to that of OXA and the OXA:ALN (1:1) mixture. Bone-
targeted 21-NP reduced bone destruction by inhibiting osteoclasts.
Also, 21-NP promoted DC maturation, cytokine release, and
CDS8™ tumor infiltration, thereby confirming a significant immune
response.

In 2023, the same scientific group reported a cascade-
responsive cationic NPs 22-NP based on it, which is capable of
charge reversal, as well as GAS-STING activation (Fig. 28)%°1,
Thus, cationic Pt(IV) prodrug 22 could self-assemble to form
cationic NPs 22a-NP with a £ of +25.33 mV; Ale was further
conjugated onto the NP via electrostatic interaction to obtain
bone-targeted NPs 22-NP with a £~ —5.09 mV. Under the acidic
conditions, the chelation of Ale with Ca** was observed, resulting
in the shedding of Ale and the subsequent increase in zeta-
potential, up to +15.72 mV, thereby confirming a formation of
positively charged NP, capable of efficient tumor accumulation
(Fig. 28). In addition to both acid media and Ca?"-mediated
charge reversal, 22-NP showed the ability to release Pt in the
presence of sodium ascorbate, an ability to accumulate in osteo-
sarcoma K7M2 cells better than CDDP, as well as enhanced
cytotoxicity and the ability to activate the GAS-STING pathway.
In vitro immune activation was investigated; 22-NP activated DC
maturation and activated the expression of IF-16, IL-6, and IFN-£.
Importantly, the negative charge of the 22-NP contributed to
increased circulation in the bloodstream (z,,, = 4.84 h) compared
to positively charged 22a-NP (¢,,, = 0.5 h). 22-NP showed sig-
nificant accumulation in the K7M2 orthotopic tumor, in contrast to
22a-NP. The excellent, higher than that of both CDDP and 22a-
NP, antitumor efficacy of 22-NP was confirmed in the same
model. A study of tumors, spleens, and lymphoid tissues of mice
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after therapy showed a significant immune response in vivo
induced by 22-NP, which was expressed in the DC maturation,
polarization of macrophages, and T-cell infiltration of the tumor.
Thus, charge-reversal 22-NP are able to enhance on antitumor
immunity of osteosarcoma via the activation of the STING
pathway. To confirm this, a direct comparison of effectiveness
a-PD-L1+ 22-NP combination with 22-NP-only in treatment of
K7M2 orthotopic OS mouse model revealed the undoubted su-
periority of this combination over monotherapy. Additionally, a
high therapeutic efficacy of 22-NP was confirmed on patient-
derived osteosarcoma xenograft model.

4.4.2.  Cell level targeting

4.4.2.1. Gene therapy. Combination of chemotherapy and
gene therapy provides an effective strategy for cancer treatment
strategy because gene therapy overcomes multidrug and micro-
environmental resistance limitations**>. The RNA-guided Cas9
nuclease from the microbial clustered regularly interspaced short
palindromic repeats (CRISPR) adaptive immune system can be
used to facilitate efficient genome engineering in eukaryotic
cells®®. Thus, CRISPR/Cas9 system has become a promising
gene editing tool for cancer treatment’**

EZH?2 is frequently overexpressed in several types of cancers
(such as prostate, breast, bladder and other cancers); knockdown
of EZH2 in cancer cells could results in tumor growth inhibi-
tion®®. In 2020, Zhang et al.**® reported a Pt(IV)-backboned
polymeric nanoplatform for the combined delivery with EZH2-
targeted CRISPR/Cas9 system (NPCSPt/pEZH?) to treat prostate
cancer (Fig. 29A). 23-NP were obtained via polymerization of
Pt(IV) scaffold with CBTA into prodrug-backbone polymer (PtP),
which was covered with oligomethylenimine (OEI1.8k), yielding
self-assembling cationic micellar nanoparticle (NPCSPt), which
was then covered with plasmid pEZH?2, yielding 23-NP. 23-NP-m,
modified with model plasmid, was used as control. 23-NP could
release both CDDP and plasmid in the presence of NaAsc. An

ability of 23-NP to deliver pEZH?2 into PC-3 cells with effective
intracellular endo/lysosomal escaping and pEZH2 unpacking, as
well as efficient gene editing in vitro was demonstrated; this
resulted in increased cytotoxicity of the 23-NP against PC-3 cells
with the lowest ICsy value (8.60 umol/L), which was 11—fold
lower than that of 23-NP-m and CDDP (9.82 umol/L). 23-NP
demonstrated higher antitumor efficiency in vivo compared to
CDDP; also, cleavage of EZH2 gene in the tumor tissue was
confirmed. Importantly, 23-NP-m demonstrated significantly
lower antitumor efficacy, which proves the crucial contribution of
the genomic editing mechanism to the therapeutic efficacy of 23-
NP.

RNA interference (RNAI) is a powerful high-specific approach
for cancer treatment, which acts thought gene silence. However, a
delivery of oligonucleotide drug is a great challenge given their
easy degradability, while NPs represent a powerful tool for the
intact delivery of gene therapy agents (both as monotherapy and as
the combination of gene therapy and chemotherapy)*"- %,

In 2020, Zhang et al.** reported a photoactivatable Pt(IV)
prodrug-backboned polymeric nanoparticle a CNPPtCP/si(c-fos)
for synergistic PACT and RNAi, which silence the expression of
the DNA-repair-related gene (c-fos), thus effectively enhancing
the Pt-based antitumor efficacy (Fig. 29B). 24-NP was obtained
via copolymerization of Pt(IV) scaffold and cyclobutane-1,2,3,4-
tetracarboxylic dianhydride (CBTA), then covered with oligome-
thylenimine (OEI1.8K), then with si(c-fos), and finally coated
with negatively charged CD44-receptor-targeting PEG-grafted
hyaluronic acid. Upon blue light irradiation (450 nm,
20 mW/cm?, 30 min), 24-NP underwent photoreduction with the
release of Pt(II) and azidyl radical Nj3-, which allowed for intra-
cellular light-controlled endo/lysosomal escape and rapid si(c-fos)
unpacking in CD44" A2780DDP cells. 24-NP downregulated
c-fos expression which in turn promoted the expression of pro-
apoptotic Bax and facilitated DNA platination. As a result, therapy
with 24-NP + blue light successfully inhibited growth of CDDP-
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resistant A2780/CDDP tumor with no general toxicity. Impor-
tantly, 24-NP demonstrated higher therapeutic efficacy than
negative-control 24-NP-m with ncRNA, thereby confirming the
importance of gene-silencing in therapeutic efficacy.

One of the ways cancer cells escape from the immune response
is phosphatidylserine (PS) exposure, which is irreversibly trans-
located to the outer leaflet of cancer cells via scramblase such as
Xkr8 protein. When outside the cancer cell, PS binds to the re-
ceptors of immune cells, which results in immunosuppression.
Thus, blocking the expression of Xkr8 to prevent phosphati-
dylserine from being shunted to the surface may enhance immune
response and reduce risk of tumor recurrence®'”.

In 2024, Wei et al.>'! reported an amphiphile Pt(IV) prodrug
25 with a hydrophobic lipid chain and a nuclear-targeting hy-
drophilic peptide RgK in axial positions (Fig. 29C). Prodrug 25
self-assembled into positively charged 25-NP-m, which allowed it
to be utilized as an ionizable carrier for small interfering RNA of
Xkr8 (siXkr8) for silencing the expression of Xkr8 protein,
yielding 25-NP. Nucleus-targeted RgK peptide facilitated accu-
mulation of 25-NP in nucleus; also, 25-NP reduced Xkr8
expression in the 4T1 cells, as well as the exposure of phospha-
tidylserine on the outer surface. Also, 25-NP demonstrated sig-
nificant accumulation in tumor tissue, thereby confirming tumor-
targeting ability of RgK. Expectedly, 25-NP demonstrated prom-
ising antitumor efficacy on 4T1 tumor model, superior to that of
CDDP and model NPs without siXkr8. Consequently, therapy with
25-NP promoted DCs (CD80+, CD86+) maturation both in vitro
and in vivo on 4T1 tumor model, induced macrophage polarization

139.306,309.311

to immune-stimulatory M1 type and induced tumor infiltration
with CD4™ and CD8™ effector T cells.

In 2026, Zhang et al.'** reported a co-loading of both siXkr8
and mANX5, a mRNA for PS-binding protein annexin AS, into
Pt(IV)-based lipid NPs, in order to achieve synergistic effect on
suppressing PS exposure (Fig. 29D). Due to the presence of Pt(IV)
complex, 26-NP were more rigid than Pt-free ones, which allowed
for fast internalization and rapid lysosomal escape, which prevents
RNA degradation in acidic media. In 4T1 tumor cells, 26-NP
successfully reduced PS externalization which increased the
expression of immune-promoting cytokines in co-cultured bone
marrow-derived macrophages. Although 26-NP could not effec-
tively reach the tumor upon i.v. administration, treatment of 4T1
tumor-bearing mice via intratumoral injection resulted in
improved immune tumor microenvironment with reduced MDSCs
and elevated CD8™ level. As a result, 26-NP suppressed growth of
4T1 subcutaneous tumor when administered intratumorally and
prevented the formation of lung metastases during treatment.

4.4.2.2.  Nuclei targeting. In 2024, Wei et al.>'? reported a
Pt(IV) prodrug 27 with nucleus-targeting peptide R8K as an axial
ligand and nanoprodrug 27-NP obtained by its self-assembly
(Fig. 30). Non-targeted 27-NP-m were used as control. Both 27
and 27-NP were able to release OXA under reducing conditions
and demonstrated the nucleus-targeting capability, with 74%
nucleus-targeting efficiency, 3.6-fold higher than that of OXA and
3.6-fold higher than that of 27-NP-m. An increased nuclear
accumulation resulted in enhanced cell toxicity and blocked DNA
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replication. 27-NP also stimulated ICD in drug-treated 4T1 cells,
which was confirmed via DAMP release detection. Tumor accu-
mulation of fluorescent-labeled 27-NP was confirmed on the 4T1
tumor model; strong fluorescence was observed 72 h after injec-
tion. Also, a significant antitumor response was shown on the
same 4T1 tumor model, with superior therapeutic efficacy of 27-
NP compared to prodrug 27-NP-m and OXA. Notably, non-
tumor-targeted 27-NP-m caused strong weight loss, which may
indicate strong side to proteins, while nuclear-targeted 27-NP
showed stable weight during therapy of ~16g. A significant im-
mune response in vivo was also demonstrated, with an increase in
the level of mature DCs, CD4™, and CD8" T cells tumor infil-
tration, a decrease in regulatory T cells; additionally, an increased
level of IFN-v and TNF-« in the serum, as well as downregulation
in IL-10 level, was confirmed.

4.4.2.3.  Mitochondria targeting. A  mitochondria-targeting
strategy for platinum-based drug delivery is a promising
approach since it increases drug accumulation by avoiding nuclear
export pumps, amplifies oxidative stress-induced DNA damage,
disrupts mitochondrial DNA (mtDNA) repair mechanisms, and
triggers synergistic apoptosis via dual nuclear and mitochondrial
genomic instability.

In 2023, Yang et al.>"® designed Pt(IV)-based dual-targeting
28-NP to enhance both tumor accumulation and mtDNA damage
(Fig. 31A). For this, Pt(IV) prodrug 28 with a mitochondria-
targeted triphenylphosphine (TPP) moiety was loaded into a he-
patocellular carcinoma-targeted amphiphile polymer with a GSH-
depleting disulfide bond; a polymer without galactose moiety P2
and without disulfide bond P3 were used as controls. The resulting
28-NP rapidly disassembled with Pt release in the presence of
GSH, thereby decreasing intracellular GSH level. The ability of
28-NP to accumulate in mitochondria of CDDP-resistant
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hepatocellular carcinoma cells was confirmed by increased ROS
levels accompanied by the decreased ATP and MMP levels.
RNAseq analysis further demonstrated the increased expression of
apoptosis- and autophagy-related genes, together with down-
regulated expression of autophagy-suppressing mTOR-related
genes in 28-NP-treated 7404DDP cells. 28-NP did not show
significant tumor accumulation, however, tumor accumulation of
AGPR-affine 28-NP was higher than that of Gal-free model par-
ticles. Evaluation of 28-NP antitumor performance in vivo on
patient-derived tumor xenograft model of hepatocellular carci-
noma demonstrated almost 3-fold lower tumor volume and weight
compared to CDDP after therapy with 28-NP, with no damage
observed in healthy tissues. It is worth noting that NPs based on
the model polymer without galactose or without disulfide showed
lower therapeutic efficacy, thereby demonstrating the contribution
of both the galactose fragment and the disulfide bond in the
resulting therapeutic efficacy.

In 2023, Liu et al.*'* reported amphiphile CDDP-based pro-
drug 29, with a mitochondria-targeted TPP and ROS-generating
cinnamon aldehyde (CA) acetal as axial ligands with a pH-
cleavable acetal link (Fig. 31B). Cationic 29-NP were obtained
via self-assembly of prodrug 29, demonstrated accumulation in
mitochondria followed by pH- and GSH-sensitive release of
CDDP, as well as elevated intracellular ROS levels due to the CA
release from the prodrug®'?, resulting in a notable MMP decrease
and an increase in lipid peroxidation of CDDP-resistant lung
adenocarcinoma A549cisR cells. Biodistribution studies demon-
strated a significant accumulation of 29-NP in liver; however, an
elevated level of Pt in the A549/DDP tumor when compared to
CDDP and Pt(IV) prodrugs allows to suggest an EPR effect.

29-NP inhibited the growth of the A549cisR xenograft tumor
more efficiently than CDDP and Pt(IV) prodrugs, with 3.6-fold
lower tumor weight by the end of the therapy. A comparison of
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weight loss during therapy in the 29-NP, Pt(IV) prodrugs with TPP
or CA axial ligands, and CDDP groups clearly demonstrate the
reduced toxicity of NPs compared to Pt(IV) prodrugs, whose
toxicity may be indistinguishable from that of CDDP due to low
stability of the prodrug in the bloodstream. Even though
mitochondria-targeted Pt(IV) prodrug with TPP moiety effectively
suppresses tumor growth, significant weight loss during therapy
can seriously hinder its application; the use of self-assembling
NPs based on it 29-NP succeeded in significantly reducing drug
toxicity.

It is known that tumor cells demonstrate an increase in aerobic
glycolysis, known as the “Warburg effect,” which contributes to
tumor progression and metastasis>>’. Tumors could also adapt to
the external changes in the environment by switching between
aerobic glycolysis and oxidative phosphorylation (OXPHOS)?'6.
Lonidamine is a glycolysis inhibitor that suppresses cancer cells’
energy metabolism through hexokinase II (HK II) inhibition and
disrupts mitochondrial respiration®'”. In 2024, Lu et al>'® re-
ported a dual-targeting self-assembled drug delivery system, 30-
NP (Fig. 31C), based on CDDP-based prodrug 30 with TPP
moiety and lonidamine in axial positions conjugated via a GSH-
sensitive disulfide bond. Nanoprodrug 30-NP was obtained via
encapsulation of prodrug 30 in CD44-targeting B-cyclodextrin-

318

grafted hydronic acid (HA-CD) NPs. 30-NP were able to intercept
glycolysis by reducing the HK II level in tumor cells, hindering
OXPHOS, induce apoptosis and mitochondrial autophagic death
in CDDP-resistant A549CisR tumor cells. Cy5.5-labeled 30-NP
showed high intratumoral accumulation in A549/CDDP tumor
with maximum fluorescence at 24 h that persisted at 48 h. The Pt
content in the tumor tissue after treatment with 30-NP exceeded
that of in the liver and kidneys by ~ 4-fold, thereby justifying the
feasibility of CD-44 targeting. Evaluation of antitumor efficacy
in vivo provided on A549, and orthotopic lung tumor models
showed complete TGI in mice treated by both 30-NP, with the
therapeutic efficacy significantly superior to that of CDDP and
Pt(IV) prodrug 30. Along with high antitumor efficacy for both 30
and 30-NP, the 30-day survival rate in the group treated with 30-
NP was 100%, while in the group treated with Pt(IV) prodrug 30
30-day survival rate was only 50%, which clearly supports the use
of nanoformulations of Pt(IV) prodrugs, as well as the importance
of active tumor targeting.

In 2024, Yang et al.>' reported a fundamentally different
approach to obtaining mitochondrial-terminated NPs is the use of
mitochondrial-terminated peptide and prodrug Pt(IV) as mono-
mers to obtain NPs by a polymerization reaction at the phase
boundary (Fig. 31D). In order to avoid the use of drug carriers,
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polymeric NPs 31-NP were obtained via emulsion interfacial
polymerization of mitochondria-targeted cytotoxic peptide
FKLAK and anhydride-bearing oxoplatin prodrug in molar ratio
of 1:2. 31-NP were pH-responsive; at pH 6.5 depolymerization
and release of both cytotoxic FLAC peptide and Pt was observed,
thereby highlighting 31-NP as an ideal prodrug for endosomal
drug release. 31-NP reduced intracellular GSH levels and induced
mitochondrial disruption as evidenced by a decrease in MMP and
ATP; lactate dehydrogenase (LDH) leakage indicated cell mem-
brane disruption. The ability of 31-NP to accumulate in tumor
tissues more efficiently than OXA was confirmed by computer
tomography of organs and the A549 tumor ex vivo. 31-NP
significantly inhibited the growth of xenograft A549 tumors
with a TGI rate almost 6 times higher than that of OXA and was
also effective in suppressing the growth of patient-derived xeno-
graft models, with tumor volume almost 2-fold lower than for
OXA.

4.4.2.4.  Endoplasmic reticulum targeting. CDDP is a well-
known non-immunogenic chemotherapeutic agent. However,
chemical modification of CDDP with electron-acceptor axial li-
gands turns it into a source of endoplasmic reticulum stress and,
therefore, an ICD-inducer. In 2024, Xie et al.”>® reported a
perfluorocarbon-functionalized Pt(IV) prodrug 32 capable of ER
accumulation and Type II ICD induction (Fig. 32). The high
electron-acceptor property of the axial ligand determined the short
lifetime of the prodrug 32 in the presence of sodium ascorbate
(~0.78 h) due to its high reactivity with nucleophiles. Cell treat-
ment with the complex resulted in increased expression of ER stress
markers BiP, elF2«, and CHOP proteins. The release of ICD
hallmarks ATP and HMGB1 upon cell treatment with 32 revealed
its ability to stimulate an immune response. To improve the
bioavailability of the prodrug 32, HSA-coated NPs 32-NP were
obtained. Cell treatment with 32-NP resulted in increased ER stress,
ATP, and CRT secretion, indicating a strong ICD effect. Also, both
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32 and 32-NP were demonstrated to efficiently induce the matu-
ration of DCs. Importantly, fluorescent-labeled 32-NP demonstrated
significant intratumoral accumulation on BALB/c mice bearing the
orthotopic K7M2 osteosarcoma model, ~ 3-fold higher than that of
in liver and kidney, thereby confirming a tumor-targeting ability of
HSA. Evaluation of antitumor efficacy in vivo on the same tumor
model showed significant antitumor efficacy of both 32 and 32-NP,
with both being more effective than CDDP. An enhanced level of
mature DC and CD8" T cells in the tumor was detected after
treatment, thereby confirming an immune response in vivo.
Importantly, after vaccination with K7M2 cells treated with 32 and
substituent injection with living K7M2 cells, strongly reduced
tumor growth in the immunized animal models was detected. The
immunostimulatory properties of prodrug 32 are clearly and
indisputably evident in the bilateral tumor model: while the non-
ICD-inducer CDDP was expectedly ineffective in the bilateral
model, prodrug 32 was able to irradiate the secondary tumor,
thereby supporting the undoubted advantages of ICD-stimulating
drugs over chemotherapy alone and highlighting the possibilities
of fine-tuning the pharmacological profile of Pt(IV) prodrugs.

In summary, direct tissue targeting of Pt(IV) prodrug-based
NPs provides superior selectivity, therapeutic effect, and reduced
toxicity compared to Pt-based monotherapy, as demonstrated for
the 20-22-NP. Thus 21-NP, 22-NP demonstrated excellent accu-
mulation in tumor tissues in combination with toxicity reduction
and effective stimulation of the immune response, leaving no
doubt about the prospects of using nanomedicines for the treat-
ment of osteosarcoma. An ability of charge-reversal 22-NP to
stimulate GAS—Sting pathway activation, which means extremely
strong DNA damage due to the excellent penetrating properties of
22-NP, which is due to its charge-inversion property. These results
highlight the potential of designing charge-inverted NPs, which
can circulate in the bloodstream as anionic NPs and then, at the
tumor site, reverse their charge, resulting in high accumulation in
tumor tissue.

ER accumulation

ER stress

CD4+/CD8+ tumor infiltration

DC cells maturation

3.8-fold higher inhibition growth
of orthotopic KTM2 tumor than
cisplatin

~2.3-fold higher inhibition growth
of KTM2 tumor than PBS after
vaccination with NP-treated cells

Pt(IV) prodrug 32 with perfluorocarbon chain as axial ligands and their assembly with HSA into 32-NP. The intracellular mech-

anism of 32-NP: ER stress and mitochondria damage-induced ICD. In vivo induction of long-term immune response: preliminary vaccination of

mice with 32-NP-treated K7M2 cells on Days 0, 7 inhibited the tumor growth of live K7M2 cells after inoculation on Day 1
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The combination of gene therapy and chemotherapy with Pt(IV)
prodrugs in a single nanodrug represents a powerful therapeutic
approach, allowing for the simultaneous reduction of the toxicity of
Pt-based chemotherapy and the intact delivery of nucleic acids to
the tumor. However, careful design of such NPs is essential, spe-
cifically ensuring sufficient stability, a negative charge, and control
over the safe release of RNA from the endosome. Thus, positively
charged 23-NP NPs demonstrated therapeutic improvement over
CDDP; the same research group demonstrated that PEG coating of
the NPs and CD44 targeting, combined with light-induced drug
release in design of 24-NP is able to significantly enhance thera-
peutic efficacy. Despite the extremely powerful potential of 26-NP,
they were not able to deliver NPs to the tumor, which means the
need for further improvement of the design and protection of the
nanodrug from MPS.

Cell-level targeting is a mechanism of drug efficiency
enhancement that should work once the nanodrug has already
reached the tumor and penetrated the cell. Once nanodrug enters
the cell, targeted action on specific cellular compartments can
significantly enhance the therapeutic effect compared to conven-
tional Pt-based therapy. Thus, an increase in drug accumulation in
nuclei or mitochondria may increase cell sensitivity to CDDP and
reduce drug resistance. However, before entering the tumor cell,
nanodrug should successfully reach the tumor tissue; and the
ability of the nanodrug to reach the tumor is in turn determined by
its physico-chemical properties and depends on its production
method. Thus, comparing four methods for mitochondria-targeted
NPs 28-31-NP production, namely, loading of the Pt(IV) prodrug
28 into an AGPR-targeted self-assembling polymer yielding 28-
NP, self-assembly of an amphiphilic Pt(IV) prodrug 29 into
cationic NPs 29-NP, loading the Pt(IV) prodrug into CD-44-
targeted anionic cyclodextrins yielding 30-NP, and interfacial
polymerization to produce anionic pH-sensitive polymeric NPs
31-NP, it can be noted that significant tumor accumulation and a
significant therapeutic effect were achieved with the use of anionic
CD-44-targeted NPs. In other cases, significant Pt accumulation in
vital organs was observed despite a decrease in toxicity during
therapy compared to Pt(II)-based therapy. It is worth noting the
excellent ability of the nucleus-targeting peptide R8K to increase
tumor accumulation: being a vector capable of acting intracellu-
larly, it demonstrates a high selectivity to the tumor tissue. Also,
hemoglobin-coated 32-NP demonstrated significant accumulation
in osteosarcoma tissue, thereby providing both significant thera-
peutic efficacy and a significant immune response. Otherwise, the
ability of NPs to reach the tumor is the most important factor
ultimately determining the therapeutic effect.

4.5.  Theranostic and stimuli-sensitive NPs based on Pt(IV)
prodrugs

NP-based theranostics represents a promising approach for
simultaneous tumor diagnosis and therapy. This could be realized
by co-loading of therapeutic cargos (e.g., Pt-based chemotherapy)
and imaging agents (fluorescent dyes, CT or MRI agents) for real-
time tracking and targeted treatment. For fluorescent dyes, trans-
parency window of biological tissues (650—1350 nm) is the
desirable range for bioimaging since light has its maximum depth
of penetration in tissue there**>**!. Endogenous activation occurs
via tumor-specific conditions, such as an acidic microenviron-
ment, while exogenous activation is realized on demand via
localized physical factors, such as light, ultrasound, or a magnetic
field.

4.5.1.  Endogenous activation

In 2019, Yan et al.*** proposed an elegant approach to in situ self-
assembly of membrane-localized NPs in the presence of endog-
enous alkaline phosphatase (ALP) overexpressed on cell mem-
branes. In 2023, Wen et al.>*® presented ALP-triggered self-
assembly of NPs based on Pt(IV) prodrug 33 with phosphorylated
merocyanine as an axial ligand with subsequent intracellular re-
assembly of NPs under the action of glycoproteins with substit-
uent release of CDDP (Fig. 33). The ALP-sensitive assembly of
fluorescent 33-NP was simulated in solution and could be moni-
tored by the increase in the fluorescence signal (4., = 710 nm)
and photoacoustic signals (A = 700 nm, 750 nm). The release of
CDDP from 33-NP was confirmed by X-ray photoelectron spec-
troscopy (XPS) analysis and NMR. In ALP-positive tumor tissues,
prodrug 33 was dephosphorylated with the formation of fluores-
cent NPs switching on NIR fluorescence (A, = 710 nm) and
photoacoustic signals (A = 700 nm), which in turn released Pt(Il)
in the presence of GSH. 33-NP preferentially accumulates in
HeLa tumors with strong fluorescent and photoacoustic signals. In
contrast, fluorescent imaging performed with pre-assembled 33-
NP-p showed ~2.7-fold lower fluorescence of the tumor,
thereby confirming the importance of the design of self-assembled
33-NP. Consequently, therapy with 33-NP resulted in complete
TGI of HeLa xenografts. Moreover, orthotopic hepatocellular
carcinoma HepG2/Luc therapy with 33-NP resulted in 13- and
10.7-fold lower bioluminescence levels than for control and
CDDP, respectively, with no metastasis observed in the 33-NP
group. This new paradigm for in situ production of NPs directly
at the tumor site allows for a significant increase in intratumor
accumulation and a reduction in the side effects of therapy.

In 2024, Yu et al.*** reported theranostic NPs 34-NP based on
Pt(IV) prodrug 34 with hand-holding fluorophore polymer chains,
conjugated with a caspase-3 cleavable short peptide probe
(5'-FAM-DEVD-dabcyl), an apoptosis reporter, and a tumor-
targeting cyclic arginine-glycine-aspartic acid (RGD) tripeptide
(Fig. 34). 34-NP was obtained via self-assembly of 16.7 kDa
polymer Polyplatin yielding 34-NP (=110 nm), which showed
the ability to release Pt(Il) in the presence of GSH, which was
confirmed by XPS. After coating with 5'-FAM-DEVD-dabcyl, 34-
NP were able to serve as a theranostic probe, which was shown by
an increase in green fluorescence (522 nm) in cells due to its
cleavage by caspase-3 and disruption of FRET quenching of
fluorescence. 34-NP showed the ability to inhibit tumor cells
proliferation and induce apoptosis to a greater extent than CDDP.
After coating with RGD tripeptide, greater tolerability in vivo for
34-NP compared to CDDP was proved, and 34-NP also demon-
strated an ability for NIR-II bioimaging (997 nm) of tumor tissues
in a luciferase-labeled model of advanced-stage I1I/IV high-grade
serous ovarian cancer. A high therapeutic efficacy for 34-NP,
superior to that of CDDP, was demonstrated on the same tumor
model, along with less body weight loss.

In 2023, Wang et al.'*! reported polymeric Pt(IV) prodrug 35
obtained via copper-free click approach with PP2A inhibitor
demethylcantharidin and folate-targeting group, which could self-
assemble into micelles (Fig. 35). Due to the presence of acid-
labile (-carboxylic amid, at tumor pH 6.5 35-NP could induce
conversion of the potential charge of micelles from negative to
positive. Indeed, a conversion of surface charge of 35-NPs from
—10.4 to +6.0 mV under 6.5 pH was observed. Also, 35-NP
released Pt(II) complex in the presence of sodium ascorbate
under pH 5.5. Supporting that the positive charge of NPs promotes
intracellular internalization, the FITC-labeled 35-NPs could



Pt(IV)-based nanoparticles for chemoimmunotherapy and theranostics

4947

Merocyanine
(NIR and PA visualization)

ALP in situ
dephosphorylation p
Emission enhancement

H3N,,  .Cl

Pt
P = HNT el

GSH-triggered
intracellular disassembly

Figure 33

via dephosphorylation into nanoparticles 33-NP323324,

o o i
113 H
HOO OOH N

0 HsN,
H,N’ | “"cl

(PA)
wCl Asus =T00/750 nm
’.:".."'
e " (vis)
33 Agps =660 nm
Ay =750 nm

+  Fluorescent visualization

~ Photoacoustic visualization

~ Significant growth inhibition
of Hela and orthotopic
HepG2/Luc tumors

H3N ‘L"“ci

Pt(IV) prodrug 33 functionalized with hydrophobic dipeptide FF and NIR-absorbing PA-sensitive merocyanine and its self-assembly

H H
coon N\ /!
R n_.tfo\o_oﬂ\
A H-J{ NHy 3, "1

34

~  Double visualization:

Tracer - distribution and release
Reporter - apoptosis and effectiveness
~  Good biocompatibility

~  Reduced toxicity
< High antitumor activity

U-M 1) Self-assembly ( s
2) FRET-Reporter ', ogbiniid —  5-FAM [1

i3

(5'-FAM-DEVD-dabeyl)
3) Tripeptide RGD

Figure 34

Pt(IV) prodrug polymer 34 functionalized with tracer NIR-II-OH and its self-assembly with FRET-reporter (5'-FAM-DEVD-dabcyl)

and tumor targeting tripeptide (RGD) into nanoparticles 34-NP. The in vivo therapeutic and imaging performance of 34-NP: real-time tracing and
visualization of apoptosis through cleavage of the reporter chain by caspase-3°2*.

accumulate in the center of SKOV-3 tumor spheroids. 35-NPs
demonstrated high SKOV-3 tumor accumulation at 24 h post-
injection which was attributed to active folate targeting. In vivo
acute toxicity test revealed that LDso of 35-NPs were 6 times that
of CDDP, indicating higher biocompatibility of the former. Anti-
tumor efficiency of 35-NPs on subcutanecous SKOV-3 tumor
model was found to be similar to that of CDDP with comparable
tumor growth inhibition and Pt content after 28 days of therapy.

However, 35-NPs demonstrated higher survival rate of mice dur-
ing the experiment and demonstrated little to no general toxicity.

4.5.2.  Exogenous activation

4.5.2.1.  Ultrasound-activated NPs. An ultrasound drug acti-
vation combines the advantages of non-invasive, non-ionizing
radiation with high temporal and spatial precision and potential
imaging utility. The primary mechanisms through which
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ultrasound enhances targeted drug delivery and drug release are
the physical effects generated by the oscillation and implosion of
these cavitation bubbles®>. The implosion of cavities can lead to
extreme rises in temperature and pressure, which causes numerous
chemical reactions, including the concentration of energy suffi-
cient to generate light, known as sonoluminescence®2°. Since ul-
trasound is actively used in clinics as a simple and informative
diagnostic tool, the use of ultrasound-based nanoagents could be
convenient.

In 2023, Liang et al.>* used hemoglobin as a sonosensitizer for
an ultrasound activation of Pt(IV) prodrug 36 with lipophilic tails
as axial ligands (Fig. 36A). Pt(IV) prodrug 36 was encapsulated
into hemoglobin-based NPs 36-NP, capable of reduction to Pt(Il)
upon exposure to ultrasound radiation (1.5 W/cm?) for 10 min,
which was monitored by XPS. 36-NP showed the ability to
generate singlet oxygen when exposed to ultrasound, and caused
v-H2AX expression, resulting in stimulus-sensitive cell death.
Cy5.5—Ilabeled 36-NP showed high tumor accumulation after
36 h in the murine colorectal carcinoma CT-26 tumor mice model,
significantly exceeding that in the liver and kidneys, thereby
confirming the tumor-specific properties of hemoglobin. Also, 36-
NP exhibited a strong antitumor effect when combined with
focused ultrasound on the CT-26 tumor model, which was proven
to be more effective than CDDP. Importantly, tumors that were
covered with a tissue fantom (chicken breast) were nearly fully
eradicated, which demonstrates the unique ability of the ultra-
sound to prompt Pt(IV) nanoparticle activation in deep tumors.

In 2025, Shen et al.**’ reported OXA-based polymer prodrug
37, co-assembled with sonosensitizer Ce6 into OXA-Ce6 37-NP
for combined sonosentizing therapy and ultrasound-controlled
release of OXA (Fig. 36B). XPS- and ICP-MS-monitored
studies of 37-NP degradation under US demonstrated reduction
of Pt(IV) prodrug 37 and subsequent release of 85% of OXA from
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Polymeric Pt(IV) prodrug 35 with folate group, its self-assembly into micellesand charge conversion via acid-labile amide group into
35-NP. The intracellular mechanism of 35-NP: DNA damage and cell apoptosis
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37-NP over 48 h. Ultrasound promoted cellular uptake of 37-NP
in CT-26 cells and induced ROS formation in 37-NP-treated
cells. Also, 37-NP were found to induce ICD in CT-26 cells as
evidenced by CRT translocation, HMGB1 externalization, and
ATP secretion. Consequently, DC maturation in vitro was also
demonstrated for BMDCs, incubated in the presence of 37-NP-
treated CT-26 cells. 37-NP exhibited strong antitumor effect
in vivo in combination with ultrasound treatment, with tumor
suppression rate up to 90%. Therapy with 37-NP induced infil-
tration of CT-26 tumor with CD8% T cells and polarization of
macrophages into M1 type. As a result, 37-NP enhanced the effect
of aPD-1 treatment in combination therapy, which resulted in
significant tumor suppression and formation of long-term immu-
nological “memory reservoir”, as evidenced by an increase in
central memory T cells in spleen.

4.5.2.2.  Light-activated NPs. Photoactive NPs possess signif-
icant advantages due to the ability of activation on demand by
applying light directly to tumor tissues, where light-driven
chemotherapeutic agent release may occur’>>*?°, Various nano-
materials based on boron-dipyrromethenes (BODIPYs)283%,
cyanine dyes*! and UCNPs*? have been proposed; however,
only a few NPs capable of light-induced drug release based on
Pt(IV) prodrugs were reported. Varying the nature of the fluo-
rophore opens up possibilities for the design of agents for pho-
toactivated chemotherapy, photodynamic (PDT) and photothermal
therapy (PTT) as part of a single molecule or nanodrug. PDT and
PTT offer a greater degree of spatiotemporal control compared to
systemic therapies, reducing off-target toxicities>>>

4.5.2.2.1.  Py1V) prodrug loaded in UCNPs. UCNPs are
capable of generating ultraviolet or visible light luminescence by
absorbing long-wavelength NIR light via two-photon or multi-
photon emission mechanisms>>*. Upconversion luminescence
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could be utilized for UV light-triggered axial bond cleavage of
Pt(IV) prodrugs with the release of cytotoxic Pt(IT)"*”.

In 2024, Liu et al.">” reported dual-stimuli responsive NPs 38-
NP based on Pt(IV) prodrug 38 with phenylbutyrate as an axial
ligand loaded into UCNPs with RGD peptide (38b-NP) for tumor
cell targeting, RGD-free 38a-NP were used as control (Fig. 37).

38b-NP rapidly released CDDP specifically in the presence of

GSH alone and under 980 nm light (0.48 W/cm?). Both 38a-NP
and 38b-NP demonstrated ~ 1.51-fold increase in toxicity under
NIR light irradiation, demonstrating sufficient toxicity and in the
absence of irradiation, probably due to the accumulation of par-
ticles in cells and GSH-induced release of Pt. Upconversion
luminescence allowed for real-time visualization of 38b-NP tumor
accumulation which reached a maximum at 2 h post-injection.



4950 Daniil Spector et al.
DSPE-PEG modified
Upconversion
nanoparticles 5-fold lower U14 tumor growth
\ than for free Pt{IV) prodrug
980 nm
’ 475 nm T
umor-targeting
RGD peptide
~
a u 9 980 nm

*;Lo 7 m}\g)LH,T,u?“ * 048 wiem?

18 HN
H,N.,\_-J(‘.CI A‘ S :
HNT | el

0.
; Qe &
38 38-NP-m /
- Light-GSH-mediated
Phenylbutyric acid Pt-loaded Tumor-targeting cispaltin release
Histrnecdsacetytase inbitor] L i WEs HsN,  .Cl
I P
nanoparticles ijd i
Figure 37  Pt(IV) prodrug 38 modified with histone deacetylase inhibitor phenylbutyric acid, its loading into DSPE-PEG modified UCNP (38-

NP-m) and subsequent conjugation with tumor-targeting RGD peptide to yield nanoparticles 38-NP'>”.

RGD moiety allowed for enhanced tumor accumulation, compared
to RGD-free 38a-NP, as evidenced by Pt biodistribution. Conse-
quently, 38b-NP demonstrated almost complete tumor inhibition
growth under 980 nm light (5 min, 0.48 W/cmz), with tumor
volume almost 5-fold lower than for free Pt(IV) prodrug 38.
Although the RGD peptide increased 38b-NP’s accumulation in
the tumor, biodistribution data demonstrated significant accumu-
lation of Pt in major organs, primarily the liver and lungs. How-
ever, despite the lack of selectivity for accumulation in tumor
tissue, 38b-NP treatment of mice did not cause significant weight

loss. It is also worth noting that 38b-NP demonstrated significant
therapeutic efficacy even in the absence of irradiation, indicating
strong release of drugs from NPs in the dark.

4.5.2.2.2.  Pt(IV) prodrug conjugated with photo-responsive
polymer. In 2022, Wei et al.'*® reported self-assembled pro-
drug 39 with OXA core conjugated with a aggregation-induced
emission photosensitizer that could be excited within the NIR
region at 808 nm and cancerous tissue/nucleus targeting peptide
R8K (Fig. 38A). Pt(IV)-based NPs 39-NP were obtained via self-
assembly of Pt(IV) prodrug 39 and demonstrated strong
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fluorescence at 1000 nm upon excitation with 808 nm. 39-NP
remained intact in the dark, while upon irradiation Pt release
was observed, which was confirmed via XPS. Also, 39-NP
demonstrated the ability to cause light-induced DNA platination
and a significant accumulation in cell nuclei, with ~5-fold
compared to OXA and non-targeted 39m-NP. Light-induced
release of ICD hallmarks ATP and HMGB1 was confirmed on
4T1 cells after treatment with 39-NP and 808 nm light irradiation.
A high intratumoral accumulation of 39-NP on the 4T1 orthotopic
breast cancer BALB/c mouse model was observed with fluores-
cence maximum at 24 h; moreover, the accumulation in the tumor
was ~ 1.1 times greater than that in the liver. Also, a significant
tumor inhibition after treatment with 39-NP and irradiation
(808 nm, 1 W/cm?) was demonstrated, and an increased number of
mature DC was found in tumor tissues when compared to the
OXA group. Importantly, non-targeted 39m-NP NPs were not
superior to OXA in the absence of irradiation, while in the pres-
ence of irradiation demonstrated therapeutic efficacy similar to
that of nuclei-targeted 39m-NP, thus confirming the need for
active targeting of NPs.

In 2023, Tang et al.** reported a NIR-II light-activated pseudo
semiconducting polymer 40 based on OXA, which was synthe-
sized via Stille polycondensation of monomers and Oxa-Br, for
PTT, chemotherapy, and immunotherapy (Fig. 38B). Upon irra-
diation of polymer 40 with 1064 nm NIR-II light acceleration of
the Pt(IV) reduction and degradation of the polymer was observed.
40-NP showed a photothermal conversion efficiency (PCE) of
43.2%, with good photostability. Also, the ascorbate-induced
release of OXA was detected, which was accelerated under
NIR-II light irradiation (1064 nm, 1.0 W/cm2, 10 min). 40-NP
demonstrated the ability to induce ICD in CT-26 cells after irra-
diation. Fluorescent-labeled Cy5.5-40-NP showed significant
intratumoral accumulation after 8 h post i.v. administration in the
CT26-tumor-bearing mouse model, which, however, did not
exceed the accumulation in the liver. Also, a significant photo-
thermal effect in vivo was demonstrated after tumor irradiation:
the temperature rose by 32 °C within 8 min of irradiation after i.v.
injection of 40-NP. As a result, 40-NP and light completely
inhibited CT26 tumor growth, triggered ICD with HMGBI1, ATP,
and CRT DAMPs release, which resulted in tumor infiltration with
CD4" and CD8™" T cells as well as DC maturation. It is also worth
noting that 40-NP demonstrated significant therapeutic efficacy
even in the absence of irradiation.
4.5.2.2.3.  Py(1V) prodrug co-assembled with dye into drug
carrier. In 2022, Ding et al.**® reported a BSA-conjugated
Pt(IV) prodrug and luminogen capable of aggregation-induced
emission co-loaded into BSA (bovine serum albumin) for dual
bladder cancer treatment (Fig. 39A). Pt(IV prodrug 41 was
covalently conjugated with BSA, then NPS with 15% BIIT were
obtained. Since BIIT was subject to conformational constraints in
BSA, 41-NP demonstrated fluorescence at ~900 nm with ¢
4.64% and photothermal efficiency 26.35%. Furthermore, 41-NP
were degraded at temperatures above 60 °C and exhibited GSH-
stimulated release of Pt, which was significantly accelerated by
laser irradiation; also, a reduction of Pt(IV) to Pt(Il) was
confirmed via XPS. 41-NP demonstrated significant phototoxicity
after laser irradiation, with reduction of Pt ICso by 235-fold in the
41-NP compared with Pt(IV) prodrug 41-BSA conjugate and
BITT@BSA. Biodistribution studies provided on subcutaneous
MB49 tumors revealed an accumulation of 41-NP in liver, tumor
and intestine. After 6 h p.i. tumors were irradiated (0.3 W/cm?,
10 min), with heating up of tumor tissue up to 43 °C. In vivo

antitumor efficacy of 41-NP was evaluated on MB49 tumor-
bearing mice, while 41-NP didn’t demonstrate therapeutic effi-
cacy, a combination of 41-NP + lased lead to tumor growth in-
hibition; hematoxylin and eosin staining demonstrated tumor cell
necrosis with no damage to main organs. It is important to note
that weight loss in the 41-NP + laser group was identical to that in
the BIIT + laser group, while the therapeutic efficacy of 41-NP
was significantly higher, approximately four times greater than
that of BIIT. These further underscores the potential of incorpo-
rating Pt(IV) prodrugs into nanoagents, thereby combining
chemotherapy with photothermal and photodynamic therapy.

In 2023, Wan et al.**” reported a paclitaxel-OXA (PTX-OXA)
Pt(IV) prodrug 42 with the chlorin e6 (Ce6) photosensitizer that
covalently self-assembled with a double-selenium cross-linker,
yielding diselenide nanoprodrug 42-NP for combined chemo-
therapy, PDT, and immunotherapy through pyroptosis induction
(Fig. 39B). Diselenide bond was used instead of commonly used
S—S since its ability to respond to two stimuli, GSH and ROS,
with reduction and oxidation of diselenide, respectively. 42-NP
showed light-induced cellular toxicity 660 nm (0.5 W/cm?,
5 min), superior to that of the prodrug 42, paclitaxel, and chlorin,
thereby confirming the combined action of the components of 42-
NP. Also, 42-NP demonstrated an excellent pyroptosis induction
ability after red light irradiation, which was confirmed via release
of LDH as well as ICD hallmarks HMGB1 and ATP in 4T1 cells.
In vivo biodistribution in 4T1 tumor-bearing mice showed a high
fluorescence level at tumor, higher than that in liver, at 24 h after
injection which remained even after 72 h. In vivo antitumor effi-
cacy of 42-NP combined with tumor irradiation on 4T1 and
4MOSC?2 oral tongue carcinoma tumor models showed a promi-
nent inhibitory effect with complete tumor disappearance; also,
pyroptosis induction in tumor tissues was confirmed. 42-NP
stimulated immune response in vivo via DC maturation, down-
regulation of MDSCs and Treg, and increased amount of CD8" T
cells in the spleen. Synergetic effect of 42-NP, light and aPD-1
was shown on 4T1 bilateral tumor mouse model, the combination
not only restrained the primary tumor but also inhibited the growth
of distant tumors. The ability of antitumor immunity post-
treatment to suppress recurrent tumors was also shown, which
could be blocked via CD4" and CD8™ antibodies, thereby con-
firming memory T cells involvement.

In 2025, Zhang et al.**® reported a Pt(IV) prodrug 43 with
fenofibrate and TPP as axial ligands, which was co-assembled
onto Pt(IV)-based NPs 43-NP with IR780 coupling DSPE-
PEG2K in order to combine mitochondria-targeted delivery, dis-
rupting mitochondrial structure and respiratory function, and
phototherapy (Fig. 39C). 43-NP demonstrated light-induced
release of CDDP and photothermal efficiency exceeding that of
IR780. Light-induced toxicity, an intracellular mitochondria
accumulation, and mitochondrial depolarization were proved for
43-NP in vitro. Also, 43-NP demonstrated an increased circulation
time in the bloodstream compared to Pt(IV) prodrug 43 (42.65 h
vs. 0.97 h), and the ability to accumulate in 4T1 tumor; however,
accumulation of 43-NP in the liver exceeded that in the tumor.
Significant antitumor efficacy of 43-NP on the 4T1 model
was observed; 43-NP in combination with radiation (808 nm,
1.5 W/ecm? 3 min) showed the greatest efficiency and almost
complete ablation of tumors, with a TGI up to 90%, as well as
lung metastasis inhibition.
4.5.2.2.4.  Self-assembly of photoactive Pt(IV) prodrug. In
2024 we reported NIR-light absorbing Pt(IV)-prodrug-based NPs
44-NP for both tumor bioimaging and chemo-PTT therapy
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(Fig. 40A)**. In aqueous solutions, Pt(IV) prodrug 44 formed
J-aggregates via self-assembly with batochromically shifted ab-
sorption, resulting in the formation of 44-NP that demonstrated
rapid CDDP release under 400 mW/cm? 660 nm light irradiation
and exhibited substantial photothermal effects in vitro with a PCE
of 42.1%. 44-NP proved to be potent as a theranostic agent,
combining the capabilities of a photothermal agent, photothermal
and fluorescence imaging agent with photo-activated chemo-
therapy. Thus, 44-NP showed high intratumoral accumulation
24 h after i.v. injection in CT-26 tumor-bearing BALB/c mice,
while in situ injection of 44-NP with subsequent irradiation with
mild NIR light (660 nm, 0.2 W/em?) heated up the tumor up to
49 °C, which is sufficient for tumor ablation>*°.

In 2026, we reported a NIR-light-activatable theranostic
nanoplatform 45-NP with dual antitumor action, PTT/PACT,

based on Pt(IV) prodrug 45, capable of fluorescent and photo-
thermal imaging of tumor tissues (Fig. 40B)**'. A barrier-free CF;
rotor moiety in the BODIPY core provides excellent photothermal
efficacy for the nanoplatform, while both the Pt(IV) prodrug 45
and 45-NP were able to release CDDP under 740 nm light irra-
diation. Metabolomic profiles of 45-NP-treated MCF-7 cells
confirmed strong thermal- and CDDP-induced responses of cells.
Also, 45-NP demonstrated the ability to accumulate in vivo in CT-
26 tumors, which was confirmed via fluorescent visualization and
ICP-MS. A strong photothermal effect in vivo was confirmed after
both intratumoral and i.v. administration of 45-NP with 808 nm
laser irradiation.

4.5.2.3.  Radiotherapy-activated NPs. In 2022, Xiao et al.>*?
reported ASGPR-targeting NPs 46-NP based on Pt(IV) prodrug 46
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conjugated with ASGPR-affine lactose scaffolds as a radio-
sensitizing agent for combined radio/chemotherapy (Fig. 41).
Amphiphilic prodrug 46 self-assembled into anionic spherical 46-
NP, which demonstrated the ability to accumulate specifically in
ASGPR(+) Hepal-6 and HepG2 cells lines, as well as enhance-
ment antiproliferative activity of 46-NP in combination with
X-rays (4 Gy) compared to 46-NP alone. Western blot assay
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revealed that 46-NP arrest the cell cycle in radiation-sensitive G2/
M phase by upregulating p-Chkl protein. 46-NP showed more
than 5-fold higher Hepal-6 tumor accumulation level compared to
CDDP; owning to the ASGPR-targeting, 46-NP also accumulated
in liver. 46-NPs were also utilized for Pt-based CT imaging, which
confirmed high Pt content in Hepal-6 tumor and liver. Acute
toxicity studies demonstrated high biosafety of 46-NPs, with LDs,

Lactose ligand
(ASGPR targeting ligand)

~ Hepa1-6 tumor inhibition rate ~ 2 times higher
compared to CDDP group
LD50 ~ 10 higher compared to CODP

Figure 41
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almost 10-fold higher than for CDDP, 32.5 and 3.5 mg Pt/kg,
respectively. Antitumor efficiency of 46-NPs in combination with
X-rays (6 Gy) were evaluated on Hepal-6 tumor model; after 10
days of therapy, 46-NPs (13.5 mg Pt/kg) + X-rays suppressed
tumor growth more efficiently than CDDP (2 mg Pt/kg) + X-rays,
while exhibiting no general toxicity.

In 2024, Wang et al.*** reported bimetallic Pt(IV)-Fe NPs 47-
NP for chemo/radio/immunotherapy, capable of sensitizing tumor
cells to X-ray irradiation due to hypoxia reduction and activate
immune response (Fig. 42). 47-NP were obtained via self-
assembly oxa-dextrane conjugate, conjugated with dopamine co-
ordinated with Fe>*, thereby obtaining spherical anionic NPs with
a Pt and Fe content of approximately 1:1, the presence of Fe>"
cations which are prone to Fenton-type Haber—Weiss reaction was
demonstrated by YPS. 47-NPs demonstrated great accumulation
in CT26 cells and when combined with X-ray irradiation (6 Gy)
induced 8.3-fold increase in OH- radicals compared to radio-
therapy alone due to the OXA-induced H,O, production and
subsequent catalytic reduction of peroxide to OH- and O,. Thus,
combination of 47-NPs and X-rays (6 Gy) alleviated hypoxia of
CT-26 cells and demonstrated radiosensitizing effect. Subse-
quently, 47-NPs + X-rays induced DAMP release of CT-26 tumor
cells which promoted DC maturation in vitro. The ability of 47-
NPs to induce significant immune response in vivo was also
demonstrated on bilateral CT-26 tumor model; growth of both
primary and abscopal tumors of mice treated with 47-NPs + X-
rays were significantly inhibited after 20 days, with level of CD4,
CDS, IFN-y" T lymphocytes notably increased in both tumors.
Combination of 47-NPs + X-rays was also shown to suppress the
growth of lung metastases which also illustrate great immunosti-
mulatory properties of 47-NP. 47-NP in combination with X-rays

Dextran

Self-assembly

were found to induce long-term immunological memory on 4T1
tumor model. Mice treated with 47-NP + X-rays demonstrated the
highest inhibition of re-challenged tumor growth compared to
treatment via surgery of OXA + X-rays. In general, significant
potential was shown for the use of platinum chemotherapy with
radiation in the presence of the hypoxia-overcoming agent Fe>*
Stimulus-sensitive NPs are capable of significantly altering
their properties under the influence of either the tumor microen-
vironment (endogenous stimuli) or external stimuli (exogenous
stimuli), thereby enhancing their therapeutic effect. In this section,
the innovative approach to stimulus-sensitive nanoparticle as-
sembly on a cell membrane, presented by Xiao, deserves special
mention. Thus, in situ formation of theranostic 33-NPs directly at
the tumor site resulted in significant therapeutic effect, not
observed for the pre-synthesized 33-NPs. Nanomedicines can also
be activated by external stimuli, such as ultrasound, light, or ra-
diation. Stimulus-sensitive NPs ideally exert their therapeutic ef-
fect only under the influence of an external stimulus, remaining
“muted" until an external pulse is applied. Thus, polymer 37-NP
co-loaded with Ce6 demonstrated therapeutic effect similar to
that of OXA without ultrasound, while completely suppressing
tumor growth after US was applied. For UCNP 44-NP, the ther-
apeutic effect is high in the absence of radiation, which indicates
premature release of the drug and the lack of light control over its
action. For polymeric NPs 38-NP and 39-NP, the therapeutic ef-
fect is significantly enhanced by irradiation. In section 4.5.2.3.,
controllable release of Pt(II) from Pt(IV) prodrugs under ionizing
radiation was discussed; that said, Pt(IV) prodrugs could also act
as radiosensitizers. 46-NP exhibited increased radiosensitizing
activity compared to cisplatin, while bimetallic Pt-Fe 47-NP have
been found to effectively form ROS and reduce hypoxia in tumor

CT-26 primary tumor inhibition rate

~ 2 times higher compared to CDDP group
CT-26 abscopal tumor inhibition rate

~ 2.4 times higher compared to CDDP group
CD8+/CD4+ tumor infiltration

Figure 42
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cells under low-dose radiation, while also promoting a remarkable
anti-tumor immune response.

5. Discussion

CDDP is the first-line drug for a broad range of tumors, including
bladder, ovarian, testicular, lung, gastric, colorectal, and head and
neck cancers, and one of the most widely used and clinically
important therapeutic agents worldwide. However, CDDP, as well
as carboplatin and OXA are commonly associated with high
toxicity and resistance, which forces increases in chemotherapy
doses and significantly worsens the quality of life of patients.
Current advances in the field of nanotechnology, immunology, and
molecular biology open up several ways to overcome the limita-
tions of Pt-based therapy and enhance its practical value in clinics.

The design of nanodelivery platforms of Pt(IV) prodrugs is a
rapidly emerging trend that possesses undeniable advantages, such
as long bloodstream circulation time, passive tumor targeting via
the EPR effect, thus preventing unwanted adverse reactions before
reaching the tumor tissue, active targeting, and the ability to
encapsulate several drugs into one nanovehicle. Moreover, nano-
carriers of Pt(IV) prodrugs can release their low-molecular com-
ponents in the tumor-specific environment, such as acidic pH or
high GSH level, thus increasing the selectivity of the nano-
prodrugs towards malignant neoplasms. Up to date, a number of
high-effective CDDP- and OXA-based NPs are reported. Several
approaches could be proposed as the most perspective to obtain
the Pt(IV)-based nanotherapeutics with high potential for further
research.

First approach is the design of NPs capable of overcoming
CDDP resistance. The design of such NPs may involve conju-
gating a bioactive “antiresistant” moiety to the axial position of
Pt(IV), which can overcome one of the possible mechanisms of
CDDP inactivation or repair the CDDP-induced cell damage. This
design was used for 1-NP and 4-NP with HO inhibitor and
fenofibrate acid in the axial position. Also, an “anti-resistance"
additive can be co-loaded into Pt(IV) prodrug-based NPs, as was
realized for 2-NP and 3-NP. In all cases, the addition of an “anti-
resistance" component improved therapeutic efficacy and reduced
the side effects of platinum-based therapy.

Second, it is the combination of CDDP-based NPs with the
immunology response inducers. Stimulation of the immune
response in addition to effective Pt(IV)-based chemotherapy is
extremely promising, due to the possibility of not only effectively
overcoming general disadvantages of platinum-based therapy, but
also forming long-term immune memory, preventing the emer-
gence of new tumors. It could be realized via the direct co-
delivery of CDDP and immunological compounds (10-NP, 20-
NP, etc.) and indirect influence (e.g., the ER stress induction
that in turn activate complex immunological cascade). This
approach also allows involving the immunogenic death pathways,
non-typical for CDDP. OXA is capable of causing ICD, and OXA-
based NPs are also ICD inducers; however, the involvement of
additional mechanisms for enhancing immune response is neces-
sary for a long immunological memory capable of tumor recur-
rence preventing. Immunotherapy alone is often ineffective, but its
combination with platinum drugs in one nanoagent allows
achieving impressive results. Thus, after therapy with CDDP,
repeated injection of tumor cells leads to tumor relapse, while
after therapy with immunostimulatory NPs 8-NP-RA, 18b-NP,
37-NP + irradiation+«PD-1, a significant decrease or complete

absence of recurrent tumor was observed, which undoubtedly
indicates the prospects for the development of immunostimulating
nanomaterials, significantly superior in their effectiveness to
clinically used CDDP and OXA.

Third approach is the target delivery of Pt(IV)-based NPs to
the desirable area, which could be the whole tumor (e.g., osteo-
sarcoma), the part of the tumor microenvironment (e.g., MDSCs),
or the organelles within tumor cells (e.g., mitochondria). Even
though NPs are commonly considered to be able to accumulate in
the tumor due to the EPR effect, a high tumor accumulation rarely
realized adequately, and the accumulation of NPs in the liver is
usually sufficient. Active targeting of NPs allows to accurately
localize the site of their therapeutic action and significantly reduce
side effects. Thus, 7-NP showed significant accumulation in the
liver with no accumulation in the lungs, while active targeting via
inhalation approach has made it possible to achieve significant
success in the treatment of lung cancer. Also, a high effectiveness
of active targeting is obvious when comparing the therapeutic
efficacy of 9-NP-m and transferrin-modified 9-NP, in which active
targeting contributed to a significant accumulation of NPs in the
tumor and an increase in their therapeutic efficacy. Despite the fact
that both Pt(IV) prodrug 30 and CD-44-targeted 30-NP demon-
strated high antitumor efficacy, the comparison of the 30-day
survival rate between the treated groups clearly supports the
importance of active tumor targeting in order to reduce toxicity of
chemotherapy.

Fourth approach is the remodeling of tumor microenvironment
(TME) (e.g. with increasing oxygen concentration or with the
regulation of inflammation). Thus, physical accumulation of the
drug in the tumor does not always determine its antitumor effi-
cacy, since tumor cells use various molecular mechanisms to
reduce the effectiveness of chemotherapeutic and immunostimu-
latory agents. A comparison of the therapeutic efficacy of 5-NP
and hemoglobin-modified S5-NP-Hb clearly emphasizes the
importance of the effect on the TME. Hypoxia-reducing 5-NP-Hb
demonstrated both antitumor efficacy and immunostimulatory
properties higher than those of unmodified 5-NP, despite the
similar intratumor accumulation for both NPs, thus emphasizing
that reducing tumor tissue hypoxia is an extremely attractive
strategy. Reduction of inflammation is a well-established strategy
in the design of antitumor agents, since regulation of COX-2
expression can increase the regulation of prostaglandins and PD-
L1, thereby stimulating the immune response. Thus, CDDP-
based prodrug 9 with carprofen in the axial position and NPs
based on it 9-NP have shown the ability to stimulate the immune
response, as well as 10-NP with glycolysis inhibitor aspirin. The
importance of COX-2 regulation for enhancing antitumor efficacy
and immune response is also clearly demonstrated when
comparing therapeutic efficacy of indomethacin-based 17-NP,
which demonstrated high antitumor efficacy in both primary and
bilateral tumor models. Thus, NPs capable of reducing the
immunosuppressive environment of the tumor are extremely
promising for further development of nanomaterials for cancer
treatment.

Fifth approach is the development of stimuli-response NPs,
that could be activated both with intratumoral conditions (e.g.,
GSH excess) or extra-tumoral factors (light, ultrasound, X-Ray,
etc.). However, endogenous stimuli such as an excess of
reducing agent are unlikely to provide controlled release of
pharmacological agents in a given area. Thus, NPs that respond to
endogenous stimuli such as GSH excess, ROS, and decreased pH
is complex because, after entering the bloodstream, NPs are
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subject to multiple volatile factors, and endogenous stimuli can
easily reach them “on the way” toward their therapeutic target. For
example, several NPs produced by loading of drugs into an ROS-
responsive polymer demonstrated weight loss during therapy,
which may indicate preliminary drug release before reaching the
therapeutic target. Also, charge-reversing NPs, which are able to
reverse their charge in the tumor microenvironment, can be clas-
sified as stimulus-sensitive. Thus, 22-NP, which reverses its
charge due to the chelation of alendronate with calcium cations,
demonstrated a remarkable therapeutic effect significantly supe-
rior to that of CDDP, while pH-sensitive charge-reversing 35-NP
demonstrated a therapeutic effect similar to that of CDDP, from
which it can be concluded that charge reversal of NPs under the
influence of tumor-specific factors is a more effective approach.

In contrast, the use of exogenous stimuli allows one to control
and localize the site of action of the drug. In addition to stimuli-
controlled drug release, a combination of Pt(IV) prodrugs with
photoabsorbers results in theranostic nanoplatforms, capable of
fluorescent and photoacoustic tumor imaging. However, the
theranostic nanoplatform should contain a minimum number of
additional substrates to minimize the interaction of the drug and
exogenous stimulus (e.g., light) with the external carrier. Also, all
therapeutic actions should be easily controlled, and pharmacoki-
netics of theranostic nanoplatform should be easily tunable and
well-controlled. Thus, 40-NP based on pseudo semiconducting
polymer, capable of chemo, PTT and immunotherapy, are able to
exert thermal effect upon irradiation with light, while the release
of OXA occurs in the presence of a reducing agent. As a result, the
“chemotherapeutic” part of 40-NP is not light-controlled. Thus,
despite the impressive results in the design of the theranostic
multi-action NPs described in this review, much effort still
required to design a suitable theranostic agent of sufficient sta-
bility and antitumor efficacy.

It is well-known that Pt(IV) prodrugs suffer from rapid
(instantaneous) reduction in the bloodstream, what determines
their therapeutic efficacy is hardly distinguishable from parent
CDDP/OXA. The use of nanoformulations should resolve this
issue, but the stability of the prodrug that forms the basis of NPs
should be also carefully studied. Thus, 1a-NP were obtained from
low-stable Pt(IV) prodrug la, and, as a consequence, la-NP
demonstrated rapid release of CDDP in a reducing environment
and, as a result, their use as therapeutic agents was accompanied
by a significant loss in body weight and high toxicity. Thus, the
nanoformulation of Pt(IV) prodrug should be able to deliver its
constituent parts to the site of therapeutic action, without losing
them along the way in the bloodstream. To achieve this, the parent
Pt(IV) prodrug must be able to gradually release the therapeutic
agent and possess sufficient stability in the biological environ-
ment. Also, special attention should be paid to the issue of pro-
drug’s stability, on the basis of which NPs are obtained.

NPs exhibit greater stability than Pt(IV) prodrugs under
physiological conditions, which determines their success in tumor
therapy. Pt(IV) prodrugs generally show an improvement in
therapeutic efficacy by 10%—20% when compared to CDDP and
OXA, while Pt(IV)-based NPs usually provide significant tumor
inhibition. A comparison of toxicity in vivo of 23-NP, Pt(IV)
prodrug 23, and CDDP clearly demonstrates the reduced toxicity
of NPs compared to Pt(IV) prodrugs and CDDP. Even though
mitochondria-targeted Pt(IV) prodrug 23 effectively suppresses
tumor growth, its overall toxicity and substituent weight loss is
indistinguishable from that of CDDP due to low stability of the
prodrug 23 in the bloodstream.

The design of multi-action nanomaterials is an extremely
attractive strategy. By combining several bioactive components in
one nanovehicle, a single nanoprodrug with synergistic thera-
peutic effects could be successfully obtained. Thus, encapsulation
of Pt(IV) prodrugs into NPs allows one to focus on the design of
antitumor drugs with a favorable bioactivity profile without
structure optimization for the suitable physico-chemical properties
and kinetical inertness of the prodrugs. It is important to note that
the design of nanoformulations also allows for a significant syn-
ergistic effect. Thus, PRA immunotherapy did not show any
antitumor efficacy, while the combination of the chemotherapeutic
agent OXA with PRA in one nanoagent, 8-NP-RA demonstrated
extremely promising antitumor efficacy. The competent design of
16-NP nanoagent that combines CDDP prodrug, a pyroptosis-
initiating agent, and an anti-inflammatory drug Indometacin in
combination with anti-PD-L1 resulted in successful therapy of
pancreatic cancer, usually resistant to anti-PD-L1 therapy alone.
This is an excellent result of synergetic action of several drugs
within one nanoagent.

In this review, we also focused on the method of nanoparticle
production. In Table 2, we categorized the 1-47 NP discussed in
this review according to their production method, and also pro-
vided data on their stability, drug release conditions, and accu-
mulation in key organs to assess the impact of the production
method on stability and biodistribution. Several key points
regarding this should be discussed.

Carrier-free self-assembly approach allows us to reach high
drug loading level, unlike polymer-based methods that typically
yield <10% drug loading. However, without a protective PEG
layer, these self-assembly NPs are susceptible to aggregation and
premature drug release, as was observed for carrier-free 4-NP
which caused notable body weight loss. An efficient and elegant
approach to overcome those drawbacks demonstrated in several
reports is to generate NPs from lipid-mimicking Pt(IV) prodrugs.
Such  NPs, including Dbiotin  receptor-targeting  3-NP,
osteosarcoma-targeting 20-NP and 21-NP, and nucleus-targeting
27-NP were assembled from Pt(IV) prodrugs with one tumor-
targeting hydrophobic and one hydrophilic axial ligand. This
design creates micelle-like structure that facilitate active drug
delivery into tumor, resulting in enhanced intratumoral accumu-
lation and superior tumor suppression in vivo. Furthermore, con-
trol over the surface charge of micelle-like 25-NP allowed
subsequent coating with gene-silencing siXkr8 RNA, which
enhanced immunostimulatory activity of the nanoformulation.

Recently reported lipid NPs that carry Pt(IV) prodrugs,
including 7-NP, 9-NP, 26-NP and 43-NP all demonstrated com-
mon issues, including high level of Pt release under pH 7.4 and
accumulation mainly in liver instead of tumor tissues. In case of
26-NP, assembled from 4 different lipids to deliver Pt(IV) prodrug
and 2 RNA sequences, low level of Pt in tumor necessitated
intratumoral administration of nanoformulation. That said, an
elegant approach towards targeted delivery of LNPs into ortho-
topic lung tumor and, consequently, high tumor inhibition rate was
demonstrated for inhalation-administered 7-NP, which drastically
reduced accumulation in other organs.

Pt(IV) prodrugs could also be loaded into PEGylated stimuli-
sensitive polymers, which contain cleavage motifs that break
down in tumor-specific conditions, such as low pH (16-NP), high
GSH content (8-NP, 10-NP, 14-15-NP and 28-NP), or ROS (11-
13-NP), which ensures endogenously controlled release of the
active Pt(IV) prodrug. The versatility of this approach allows co-
loading of several drugs into one nanocarrier, as was the case for
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12-NP, or graft the drug into the side of the polymer chain, which
was implemented for 14-NP. This yields multi-action nano-
formulations, capable of strong immunostimulatory activity.

Instead of loading the small-molecule Pt(IV) prodrug into the
polymer, the Pt(IV) complex can be incorporated into the poly-
mer chain via axial positions, yielding polymeric Pt(IV) prodrug.
In several reports, i.e., 22-NP, 23-NP or 34-NP Pt(IV) link was
utilized as a reduction-sensitive cleavage point, releasing active
Pt(Il) drug under high GSH or NaAsc concentration. However,
release of Pt(II) drug could be achieved controllably via external
factors like light or ultrasound, as was the case for 24-NP, 37-NP,
39-NP, 40-NP. Controllable release of Pt from NPs could be
achieved either by incorporating light-sensitive motifs into the
polymer chain (39-NP, 40-NP) or by co-assembly of Pt(IV)
polyprodrug with the photosensitizer (37-NP). Aside from con-
trolling Pt release from NPs, photo- and sonosensitizers induce
additional antitumor effects via PDT, focused ultrasound, and
PTT, markedly enhancing tumor inhibition relative to treatment
with Pt-based therapy. It can also be noted that Pt(IV) poly-
prodrugs with active tumor-targeting moieties like alendronate or
RGD peptide in 22-NP and 34-NP demonstrated improved
tumor-accumulation properties as compared to NPs with passive
accumulation only.

Nanodelivery platforms for Pt(IV) prodrugs could also be
designed based on host—guest interactions of $-cyclodextrin and
its derivatives. For 6-NP, Pt(IV) prodrug was covalently conju-
gated with CD and loaded into adamantane-bearing polymer.
Alternatively, 30-NP were obtained by loading small-molecule
Pt(IV) prodrug into CD. Both 6-NP and 30-NP contain active
targeting moieties, which ensured efficient delivery of Pt into
tumors and superior antitumor activity. That said, for both NPs a
significant amount of the drug was released from NPs in neutral
conditions, with 90% of prodrug 30 released from 30-NP over
24 h.

Biogenic proteins, like HSA and hemoglobin could also serve
as a nanocarriers for Pt(IV) prodrugs. HSA loading can ensure
long bloodstream circulation time, which was employed for 19-
NP, 32-NP, 41-NP while hemoglobin could also act as oxygen
carrier into hypoxic tumors and as a photo/sonosensitizer, as
demonstrated for 5-NP and 36-NP. Notably, both hemoglobin-
based NPs showed high tumor accumulation with minimal liver
uptake, while HSA-loaded 19-NP and 41-NP exhibited liver
accumulation equal to or less than in tumors.

To outline the advancements in the design of effective NPs
based on Pt(IV) prodrugs, the following positive trends could be
highlighted:

carcinoma tumor (2.0 mg Pt/kg):

Tumor volume, mm>:

Control ~ 1500

38-NP ~560

38-NP + 980 nm (0.48 W/cm?)

~ 180
Fluorescence tumor visualization

Orthotropic hepatocellular carcinoma
33 (self-assembly of NPs in vivo) ~ 1
Subcutaneous U14 squamous cell

33 (self-assembly of NPs in vivo) ~ 1
HEPG?2 tumors

In vivo tumor model (treatment

regimen), antitumor effect

33-NP ~13
Luminescence intensity (10°

photons)
Cisplatin ~10.7

PBS ~13.0
33-NP ~5.7

Active targeting (RGD peptide)
pPt/g tissue in tumor, fold increase

Tumor targeting, relative
accumulation level

(24 h):
Liver: 1.0
Kidney: 1.3

10 pmol/L GSH + pH 5.0 + 980 nm

Pt release (72 h): pH 7.4 — 5.0: 15%
(0.48 W/cm?): 90% (30 min)

Self-assembly

Drug release rate

1 pmol/L GSH: 30%
5 pmol/L GSH: 40%
10 pmol/L GSH: 60%

1. Multi-action NPs can be designed via several ways, such as co-
loading of several small molecule drugs into a single nano-
carrier, or covalent conjugation of one drug to nanocarrier, or
loading of the chemotherapuitic drug, a co-drug, and a thera-
nostic agent on an external carrier, resulting in a single
theranostic nanoplatform. These components in multi-action
nanoformulation act in additive or synergistic way to over-
come platinum resistance, stimulate antitumor immune
response, etc. In general, active components loaded into NPs
exert their antitumor properties upon delivery to tumor tissues.
Regardless of the production route, the drugs loaded in the
nanocarrier will act synergistically at the tumor site. However,
careful control of the physicochemical properties of the
nanocarriers, such as surface charge and chemical stability in
the physiological environment, is urgently needed.

NP structural type, assembly method
Loading of Pt(IV) prodrug 38 into
stable core—shell UCNP

Type 7

Table 2 (continued)
38-NP
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2. NPs with tumor-targeting groups generally demonstrate supe-
rior tumor drug delivery capabilities and, consequently, ther-
apeutic efficacy compared to passively delivered nanocarriers;
therefore, active targeting of NPs is highly recommended.
However, it should be noted that widely used PEGylation of
NPs can “hide" the vector from the receptor on tumor surface.
It should be especially noted that micelles obtained by self-
assembly of the Pt(IV) prodrugs with the vector fragment in
an axial position, demonstrate high tumor-targeting capacity,
presumably due to the high concentration of the tumor-specific
molecule on the micelle surface.

3. Proteins serve as an efficient vehicle for Pt(IV) prodrugs,
which therewith are able to enhance an accumulation of
nanodrugs in tumor tissue. Hemoglobin is an especially ver-
satile platform for NP design as it is also capable of alleviating
hypoxia by oxygen delivery, thereby increasing the effective-
ness of chemotherapy and reducing resistance, and is also
capable of serving as a photo/sonosensitizer due to the pho-
tophysical properties of the heme;

4. Lipid NPs basically demonstrate strong liver accumulation,
which hinders delivery of active drugs into subcutaneous tu-
mors or orthotopic tumors located in other organs. However,
this property could be utilized to design NPs to specifically
target hepatomas.

5. Controllable release of drugs from nanocarrier under external
or internal stimuli allows localization of the site of therapeutic
action and minimization of the impact of drugs on healthy
tissues, while ensuring drug release in tumor tissues. Both
endogenous (GSH, pH, ROS-sensitive) and exogenous (light,
ultrasound) activation modes could be implemented, they
could also be combined within single nanoplatform to achieve
burst-like activation in tumor-specific conditions.

To summarize, an ideal nanoprodrug should possess active
tumor-targeting groups to localize the drug in tumor tissues,
implement stimuli-responsive release to activate the drug specif-
ically in tumors, and ensure synergy between active components
for maximum tumor-eradicating effect. Optimal platforms for
such NPs may include proteins like hemoglobin or HSA, polymer-
loaded systems, and self-assembled nanostructures, each enabling
enhanced tumor targeting and strong antitumor effects.

6. Conclusions

The use of Pt(IV)-based nanoplatforms with prolonged blood-
stream circulation time and tumor-targeting capabilities results in
the delivery of therapeutic agents in tumor tissues without un-
wanted side-reactions, which greatly boosts the antitumor effi-
ciency. The overwhelming majority of NPs discussed in this
review surpasses CDDP and its analogues in their therapeutic
efficacy and are capable of significantly improving antitumor
therapeutic efficacy by acting on multiple targets, suppressing
various resistance mechanisms, stimulating native and adaptive
antitumor immunity, and significantly increasing drug accumula-
tion in tumor tissue. The possibility of co-loading an additional
drug, modifying NPs with tumor-targeted moieties opens the way
to the design of targeted nanoplatforms with multiple effects.
Also, the possibility of varying the axial ligands of Pt(IV) pro-
drugs allows us to impart the resulting nanoplatform with a wide
variety of physico-chemical properties and biological activity.
Overall, the use of nanoformulations of Pt(IV) prodrugs allows for

a significant enhancement of the therapeutic efficacy of platinum-
based chemotherapy and may open a new paradigm in the use of
platinum drugs in medicinal chemistry.

Despite the impressive potential of NPs in laboratory studies,
the translation from laboratory research to clinical practice faces
challenges, and significant gaps remain to be overcome to achieve
clinical application of NPs. First, the efficacy and mechanism of
action of nanomedicines must be thoroughly studied in clinically
representative organoid models, as significant discrepancies can
exist between laboratory experiments and clinical trials. Second,
the technology of nanomedicines production and maintaining
homogeneity between different batches of NPs are also crucial.
The difficulty of precise control over the composition of NPs,
especially complex and multicomponent ones, from batch to batch
is a serious challenge. Even slight alterations in the structure,
surface properties, and composition of the nanomedicines can
easily lead to altered drug metabolism and uncontrollable side
effects. Third, significant difficulties arise in obtaining regulatory
approval for the use of NPs in clinical practice.

We believe that the individual achievements and general trends
highlighted in this review would contribute to further advance-
ment in the field of anticancer nanotherapeutics and that this re-
view would serve as a helpful guide for researchers.
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